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Group II metabotropic receptors (mGluRs) regulate central synaptic transmission by modulating neurotransmitter release. However, the lack of
pharmacological tools differentiating between mGlu2 and mGlu3 receptors has hampered identification of the roles of these two receptor
subtypes. We have used LY395756 [(1SR,2SR,4RS,5RS,6SR)-2-amino-4-methylbicyclo[3.1.0]-hexane2,6-dicarboxylic], an agonist at mGlu2 re-
ceptors and an antagonist at mGlu3 receptors in cell lines, to investigate the roles of these receptors in the temporo-ammonic path from
entorhinal cortex to CA1–stratum lacunosum moleculare in rat hippocampal slices. Surprisingly, the degree of inhibition of the field EPSP
induced by LY395756 fell into two distinct groups, with EC50 values of �1 �M and �100 �M. In “sensitive” slices, LY395756 had additive actions
with a mixed mGlu2/mGlu3 agonist, DCG-IV [(2S,2�R,3�R)-2-(2�,3�-dicarboxycyclopropyl)glycine], whereas in “insensitive” slices, LY395756
reduced the effect of DCG-IV, with an IC50 of �1 �M. This separation into sensitive and insensitive slices could be explained by LY395756 acting
as an mGlu2 agonist and mGlu3 antagonist, respectively, a finding supported by data from mice lacking these receptors. The heterogeneity was
correlated with differences in expression levels of mGlu2 receptors within our Wistar colony and other Wistar substrains. The initial search for
a behavioral correlate indicated that rats lacking mGlu2 receptors showed anxiety-like behavior in open-field and elevated plus maze assays.
These findings have implications for rat models of psychiatric disease and are especially pertinent given that mGlu2 receptors are targets for
compounds under development for anxiety.

Introduction
G-protein-coupled metabotropic glutamate receptors (mGluRs) are
considered good targets for psychiatric and neurological diseases
(Niswender and Conn, 2010). In particular, agonists at group II
mGluRs (mGlu2 and mGlu3) have recently attracted considerable
attention because of positive clinical trials in anxiety and schizophre-
nia (Grillon et al., 2003; Patil et al., 2007; Dunayevich et al., 2008). In
the brain, they are mainly located presynaptically (Petralia et al.,
1996; Shigemoto et al., 1997) and inhibit glutamate release (Cartmell
and Schoepp, 2000). Identifying the roles of the two constituent
group II receptors, however, has been thwarted by lack of pharma-

cological agents. Several agonists, including DCG-IV [(2S,2�R,3�
R)-2-(2�,3�-dicarboxycyclopropyl)glycine] and LY354740
[(1S,2S,5R,6S)-(�)-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic
acid], activate mGlu2 and mGlu3 receptors equi-effectively at sub-
micromolar concentrations, with essentially no activity at other glu-
tamate receptors (Hayashi et al., 1993; Monn et al., 1997; Schoepp et
al., 1999). Activation of both mGlu2 and mGlu3 receptors can be
competitively and selectively antagonized by submicromolar con-
centrations of LY341495 [(2S,1�S,2�S)-2-(9-xanthylmethyl)-2-(2�-
carboxycyclopropylglycine] (Kingston et al., 1998).

Subtype selective agents are, however, needed. It is there-
fore of interest that, among a series of compounds related
to LY354740, one (compound 13) showed submicromolar ag-
onist activity at human recombinant mGlu2 receptors ex-
pressed in non-neuronal cells with antagonist activity at human
recombinant mGlu3 receptors (Dominguez et al., 2005). This
compound, LY395756 [(1SR,2SR,4 RS,5RS,6SR)-2-amino-4-
methylbicyclo[3.1.0]-hexane2,6-dicarboxylic acid] is therefore the
first reported selective mGlu2 agonist and hence a potentially useful
agent for discriminating between the roles of mGlu2 and mGlu3
receptors.
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To confirm the pharmacology of this compound in a native
neuronal system and to initiate a series of studies discriminating
the roles of mGlu2 and mGlu3 receptors, the stratum lacunosum
moleculare of CA1 (CA1–SLM) in the hippocampus of Wistar
rats was selected for study. Pyramidal cells in CA1 receive a direct
input from layer III of the entorhinal cortex, known as the
temporo-ammonic pathway (TAP), which synapses in the SLM
(Steward and Scoville, 1976; Witter and Amaral, 2004). Here the
density of group II mGluR expression is high (Petralia et al., 1996;
Shigemoto et al., 1997) and considerably reduced by entorhi-
nal cortex lesions (Shigemoto et al., 1997). Previous electro-
pharmacological studies in the rat TAP have demonstrated an
important presynaptic regulation by group II mGluRs (Kew et al.,
2001; Capogna, 2004; Price et al., 2005; Giocomo and Hasselmo,
2006), and knock-out (KO) studies in mice have indicated that
both mGlu2 and mGlu3 receptors have important modulatory
roles in this and other hippocampal pathways (Tamaru et al.,
2001; Kew et al., 2002).

Here we report heterogeneity in the regulation of synaptic
transmission in the TAP by group II mGluRs. In many prepara-
tions, the effects were attributed to mGlu2 receptors but, surpris-
ingly, in others to mGlu3 receptors. This variability is explained
by different levels of mGlu2 receptor expression, which varies
between Wistar rat substrains and coincides with anxiety-like
behaviors. The potential value of these Wistar substrains for
studying the role of individual group II mGluRs in animal models
of brain diseases is discussed.

Parts of this work have been published previously in abstract
form (Ceolin et al., 2008).

Materials and Methods
Slice preparation
Rats. Most experiments were performed using hippocampal slices pre-
pared from male Wistar rats, aged 2 weeks and purchased from the
University of Bristol Animal Facility. Animals were housed in a regulated
environment (21 � 1°C) with food available ad libitum and maintained
on a 12 h light/dark cycle. Animals for some experiments were purchased
directly from B&K Universal Ltd. UK, Charles River UK, and Harlan
Laboratories UK. All experiments were performed in the light phase and
in accordance with the Animals (Scientific Procedures) Act 1986.

Animals were killed by cervical dislocation, and the brain was removed
rapidly into oxygenated ice-cold artificial CSF (aCSF) (see below). Para-
sagittal hippocampal slices, 400 �m, were prepared in situ by slicing the
entire cerebral hemisphere parallel to the midline using a Vibroslicer
(Campden Instruments Ltd.) in aCSF composed of the following (in
mM): 124 NaCl, 26 NaHCO3, 3 KCl, 1.4 NaH2PO4, 1 MgS04, 2 CaCl2, and
10 D-glucose (saturated with 95% O2 and 5% CO2). Slices were placed in
a Petri dish containing bubbled aCSF in which the hippocampus was
isolated from the remainder of the brain and left to recover at room
temperature in aCSF for at least 1 h. Slices were then transferred to the
interface recording chamber, in which they were maintained at 29 –30°C
and perfused at 2 ml/min with oxygenated aCSF as above.

For some experiments, a “modified” preparation was used; thus, the
CA3 region and part of the dentate gyrus were removed and a cut was
made across stratum oriens and stratum radiatum between CA1 and the
subiculum to reduce the risk of polysynaptic excitation of CA1 and of
contamination from Schaffer collaterals (SC) (Colbert and Levy, 1992;
Empson and Heinemann, 1995).

Mice. Wild-type (WT) adult mice (12–15 weeks) and separate mGlu2
and mGlu3 receptor knock-out mice were generated by homologous
recombination (Linden et al., 2005) at Eli Lilly & Co.. Slice preparation
was essentially identical to that described in the previous section for rats
for the modified slices.

Stimulating and recording techniques
The bipolar stimulation electrode, made from twisted insulated nickel–
chromium wire (0.050 mm diameter) and insulated except for the tip,

was placed in the SLM of the subicular region. Occasionally, two stimu-
lating electrodes were used, with the second positioned in either another
part of the SLM or stratum radiatum. Single stimuli (or occasionally a
pair with a 50 ms interval), comprising a square-wave pulse, 20 �s in
duration and 10 –25 V in amplitude, were delivered at 30 s intervals
(0.033 Hz).

The glass extracellular recording electrode, filled with 3 M NaCl and
with a resistance usually of 2– 4 M�, was generally placed in CA1–SLM
and occasionally in stratum pyramidale. Positions of the recording and
stimulating electrodes were adjusted so as to give optimal field EPSPs
(fEPSPs). Input– output curves were obtained, and, to obtain baselines,
the stimulus strength was adjusted so as to generate fEPSPs of 70 – 80% of
the maximal response.

Data acquisition and analysis
The raw direct current signal was bandpass filtered at 0.1–3 kHz, digi-
tized, and collected for online analysis at a sampling rate of 20 kHz using
WinLTP software (Anderson and Collingridge, 2007). The fEPSPs were
signal averaged every 2 min, and the slope between 25 and 75% of max-
imum was measured and plotted online. Data from single experiments
were displayed as the slope of the signal averaged, postfiltered fEPSPs. For
the pooling of experiments, the fEPSP slope was normalized to a 30 min
baseline and expressed as the mean � SEM. Statistical significance was
tested using paired or unpaired Student’s t test or one-way ANOVA,
followed by Bonferroni’s post hoc test as appropriate; p values �0.05 were
considered significant and are indicated in some figures by **.

The concentration–response curves were plotted using GraphPad
Prism program (GraphPad Software). Mean data were fitted with the
logistic four-parameter equation.

Compounds
DCG-IV was obtained from Tocris Cookson. LY341495, LY379268
[1 R,4 R,5S,6 R-2-oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylate],
and LY395756 were synthesized as reported previously (Dominguez et
al., 2005).

Routinely compounds were dissolved in distilled water or equimolar
NaOH at a concentration 1000 times greater than required; aliquots were
frozen ready for subsequent use.

Immunoblotting
Primary antibodies used were anti-mGluR2 antibody (Millipore), anti-
mGluR3 antibody (Alomone Labs), and anti-�-actin (Sigma-Aldrich).
Horseradish peroxidase-conjugated secondary antibodies used were goat
anti-rabbit IgG (Sigma) and goat anti-mouse IgG (Sigma). Proteins were
separated on 8% polyacrylamide gel, blotted onto Immobilon-P mem-
brane (Millipore), and probed with appropriate primary antibodies after
blocking. For detection of the signal, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies (1:10,000 dilu-
tion; Sigma) for 60 min, followed by substrate incubation with BM
Chemiluminescence Blotting Substrate (Roche) or WestFemto substrate
(Pierce). The chemiluminescence signal was detected on the Hyperfilm
HP (GE Healthcare).

Behavioral assays
Preparation. Rats from two substrains [Wistar rats purchased from B&K
Universal Ltd. (B&K:Wi) and Wistar rats purchased from Charles River
(Crl:Wi)] were purchased as above or bred and reared in-house under
identical conditions. They were group housed in cages randomly sited in
the racks and, at 6 weeks old, were switched to a 12 h light/dark cycle
(light phase, 8:00 P.M. to 8:00 A.M.). All behavioral tests were conducted
on rats between the ages of 9 –11 weeks. Observations were made be-
tween 9:00 A.M. and 4:00 P.M. in a test room that was uniformly and
indirectly lit. Before the start of behavioral testing, animals were trans-
ported in their home cage and habituated to the test room for 15 min.

Open-field test. The open field consisted of an indirectly lit wooden
open-top arena (90 � 90 cm). The walls inside the arena were sur-
rounded with a black cloth to a height of 1.5 m to conceal the experi-
menter, and the floor of the arena was covered with sawdust, which was
cleaned between rats. An overhead video camera was used to record the
animal’s behavior. Each rat was placed against the near wall of the open

6722 • J. Neurosci., May 4, 2011 • 31(18):6721– 6731 Ceolin et al. • mGlu2 and mGlu3 Receptors in Temporo-Ammonic Path



field, and locomotor activity was monitored for 20 min and scored of-
fline. To analyze locomotor activity, the arena was divided with 6 � 8 grid
lines, and the number of line crossings during each 5 min period of the
test session was counted. A line crossing was recorded when the rat
crossed a line with all four paws. Activity was further divided into outside
and inside crossings in which an inside crossing was defined as crossing
into any square other than those along the perimeter of the arena.

Elevated plus maze. The maze consisted of four 10 � 70 cm arms, with a
35 � 35 cm central platform elevated 85 cm above the floor. Two arms and
the central platform were enclosed by opaque walls 30 cm high, whereas the
other two arms were open. On each trial, a rat was placed on the central
platform and then allowed to explore the maze for 5 min. Before each trial,
the platform and arms were cleaned with absolute ethanol. The rat’s behav-
ior was monitored via a video camera mounted above the maze, recorded,
and scored offline. The following measures were scored: (1) time spent on
the open arms, closed arms, and central secure area; (2) the number of
entries into open and closed arms; and (3) the latency to enter an open arm
and to enter a closed arm. An arm entry was scored when all four paws
crossed the junction between the central area and an arm.

In all behavioral tests, the analyst was blind to the rat substrain, and un-
paired Student’s t test was used to analyze differences between the two
strains.

Results
Group II mGluRs in the TAP
As illustrated in Figure 1, we first confirmed that DCG-IV, a
selective group II mGluR agonist, inhibited the fEPSP recorded in

CA1–SLM after TAP stimulation. The in-
hibition produced by DCG-IV was con-
sistent, concentration dependent, and
reversible (Fig. 1A,B) (n 	 6). DCG-IV,
applied for 30 min at 100, 300, and 1000
nM, resulted in inhibitions of 41 � 4, 69 �
3, and 76 � 3%, respectively. Concentra-
tion–response curves were constructed
and fitted with a logistics function. This
gave a calculated EC50 of 80 nM and a max-
imum inhibition of �80% at 3000 nM

DCG-IV (Fig. 1C) (n 	 4 –10). These val-
ues are similar to those reported by Kew
et al. (2001). Statistical analysis reveals a
significant difference between sequential
concentrations up to 1000 nM (one-way
ANOVA with Bonferroni’s post hoc test).
To confirm that this inhibitory action was
via group II receptors, we used the selec-
tive group II antagonist LY341495 (300
nM), which itself was without significant
effect on the fEPSP (Fig. 1D) (n 	 4) but
fully reversed the effects of 100 nM

DCG-IV (Fig. 1 D) (n 	 4; p � 0.001,
Student’s paired t test).

Heterogeneity in group II actions in
the TAP
To differentiate between the roles of
mGlu2 and mGlu3 receptors in the ac-
tions of DCG-IV, we used LY395756 as an
mGlu2 agonist. Perplexingly, we found
highly variable results. Thus, in some
slices, 1–10 �M produced substantial inhi-
bition (Fig. 2A), but, in others, these con-
centrations were almost without effect
(Fig. 2B). In such “insensitive” slices, 300
�M LY395756 was needed to induce a sim-
ilar level of inhibition. The weak actions of

LY395756 were not attributable to the absence of group II
mGluRs because DCG-IV (100 nM) remained very effective (see
below). When a scatter plot was constructed of the inhibitory
effects of 1 and 10 �M LY395756 on slices from the first 28 rats
studied, it became obvious that the data fell into two signifi-
cantly distinct groups (p � 0.001, Student’s unpaired t test for
each concentration) (Fig. 2C). Thus, 18 slices were “sensitive”
to either 1 or 10 �M LY395756 (56 � 2 and 82 � 3%), and 10
slices were essentially “insensitive” to these same two concen-
trations (0 � 3 and 9 � 3%). When concentration–response
curves for the two populations were constructed and analyzed,
EC50 values for LY395756 of 0.63 and 117 �M were obtained
(Fig. 2 D) (n 	 4 –10).

For all subsequent experiments, LY395756 (1 or 10 �M) was
applied to define preparations as either sensitive or insensitive
and plotted in the figures as filled and open symbols, respectively.
LY341495 (300 nM) fully reversed the effects of a near maximally
effective concentration of LY395756 (10 �M) in the sensitive
preparations (p � 0.001, Student’s paired t test) (Fig. 2E), con-
firming that its actions were via group II mGluRs (n 	 4). How-
ever, LY341495 had no significant effect on a submaximal
concentration (100 �M) of LY395756 in the insensitive prepara-
tions (Fig. 2E), suggesting that this effect was not mediated via
activation of group II mGluRs (n 	 4).

Figure 1. Activation of group II mGluRs by DCG-IV causes a concentration-dependent inhibition of synaptic transmission in the
TAP–SLM pathway. A, A representative single experiment showing the depression of the slope of the fEPSP in CA1–SLM after
stimulation of the TAP by sequentially increasing concentrations of DCG-IV. The inhibition was reversed during washout. In this and
subsequent figures, the application of drug and the concentration used are indicated by the bars and information above the plot.
Each data point represents the average of four consecutive fEPSPs. Example traces, above, have been taken at the time points
indicated. B, Pooled data (mean � SEM) from six experiments as in A. C, Concentration–response curve for the effect of DCG-IV on
fEPSP slope. Each data point is the mean � SEM of 4 –10 experiments. The curve has been plotted using a logistic four-parameter
equation giving an EC50 value of 80 nM. Statistically significant differences for individual concentrations of DCG-IV are given in
Results. D, Histogram showing the lack of effect of LY341495 (300 nM) when administered alone (n 	4) and antagonism of DCG-IV
(100 nM) when coadministered (n 	 4).
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Origins of the heterogeneity
One possible reason for the heterogeneity
is that different afferent pathways were
being stimulated in some experiments.
Thus, for example, either the cortical
pathways innervating CA1 polysynapti-
cally via the dentate gyrus and CA3 or the
SC pathway could have been stimulated
inadvertently. Although from the shape
and the latency of the fEPSPs the former
seems unlikely, the majority of subse-
quent experiments were performed in
modified CA1 slices (Fig. 3) (see Materials
and Methods). Again, the data with
LY395756 (10 �M) from these modified
slices fell into two clearly distinct groups
(data not illustrated), with inhibitions of
74 � 4% (n 	 9) and 17 � 3% (n 	 12)
( p � 0.001, Student’s unpaired t test). In
an additional set of experiments to inves-
tigate the effects of LY395756 on the TAP
and SC inputs into CA1, an extra stimu-
lating electrode was placed in SC pathway,
and the recording electrode was placed in
the CA1 pyramidal cell layer (Fig. 3Aa);
the SC and TAP inputs were stimulated
alternately. Again, the heterogeneity in
the amount of inhibition induced by
LY395756 was observed with the TAP-
evoked fEPSP (88 � 3%, n 	 5; and 8 �
3%, n 	 3), whereas the synaptic response
to SC stimulation was consistently unaf-
fected (Fig. 3Ab). To further explore the
possibility that the dichotomy in response
arose as a result of stimulating different
structures, in eight slices, two stimulating
electrodes were placed on either side of
the recording electrode in proximal and distal regions of the SLM
(Fig. 3Ba). All eight pairs of evoked fEPSPs showed the same
sensitivity to administration of LY395756; six pairs were sensitive
and two were insensitive. A correlation coefficient of r 2 	 0.91
between the fEPSPs evoked from the two locations was obtained
(Fig. 3Bb). It should also be noted that, when multiple slices from
the same rat were examined, they always showed the same degree
of sensitivity to LY395756.

Horizontal slices have also been used to study the TAP input
into CA1–SLM (Empson and Heinemann, 1995). Slices cut in
this orientation were therefore studied with LY395756 (10 �M),
and again the same diverse results were found with inhibitions of
64 � 6% (n 	 4) and 11 � 8% (n 	 4) for the sensitive and
insensitive slices, respectively (Fig. 3C).

The TAP arises from both lateral and medial areas of the en-
torhinal cortex. Input from these areas can be distinguished in the
dentate gyrus by both sensitivity to group II mGluRs and using
paired-pulse stimulation, which results in paired-pulse depres-
sion (PPD) in the medial and paired-pulse facilitation (PPF) in
the lateral pathways (McNaughton, 1980; Macek et al., 1996; Kil-
bride et al., 1998). We therefore tested the possibility that phar-
macological differences between sensitive and insensitive slices
could be associated with differences in PPF or PPD. Paired-pulse
(50 ms) stimulation, however, always induced PPF, with not sig-
nificantly different ratios of 1.51 � 0.05 and 1.63 � 0.07 in both
sensitive and insensitive slices, respectively (data not shown).

Furthermore, LY395756 (10 �M) induced a significant increase in
PPF to 1.94 � 0.14 and 1.82 � 0.11, respectively, in both types of
slices ( p � 0.05, Student’s paired t test), consistent with a likely
presynaptic mode of action in both pathways.

Rapid changes in neural development and receptor expression
are occurring in neonatal rats. At �2 weeks of age, there is an
increase in mGlu2 mRNA and a decrease in mGlu3 mRNA
(Catania et al., 1994), which could potentially explain the het-
erogeneity in sensitivity to the mGlu2 agonist LY39756. We
investigated this by examining both younger and older animals,
but again separation into sensitive and insensitive slices was ob-
served in both groups. Thus, in rat pups of 7–10 d, LY395756 (10
�M) reduced TAP-evoked fEPSPs by 73 � 9% (n 	 4) and by 8 �
3% (n 	 5) in sensitive and insensitive slices, respectively, and,
similarly, in juveniles of 22–26 d, both sensitive (61 � 7%; n 	 7)
and insensitive (2 � 2%; n 	 7) preparations were again observed
(data not illustrated).

Differentiation of mGlu2 and mGlu3 pharmacology
A possible explanation of the pharmacological heterogeneity is
that LY395756 inhibits the synaptic response via mGlu2 recep-
tors in the sensitive slices and that DCG-IV mainly inhibits the
synaptic response in the insensitive slices via mGlu3 receptors. To
test this hypothesis, we used the reported mGlu3 antagonist ac-
tivity of LY395756 to challenge the action of DCG-IV in insensi-
tive slices. A concentration of LY395756 (10 �M) was initially

Figure 2. LY395756 has differential effects on synaptic transmission in the TAP–SLM pathway. A, Single example in which
LY395756 produced almost complete depression of the TAP-evoked fEPSP in CA1–SLM at 10 �M. After washout and recovery,
lower concentrations (0.1 and 1 �M) were also tested. B, Single example in which high concentrations of LY395756 (up to 300 �M)
were required to depress the fEPSP response. C, Scatter plot of data in which each point represents the percentage depression
induced by LY395756 at two concentrations (1 �M, n 	 16; 10 �M, n 	 16) in sensitive (filled circles) and insensitive (open circles)
intact slices. D, Concentration–response curves for the effect of LY395756 in depressing the TAP–CA1 input in sensitive slices (filled
circles) and insensitive slices (open circles). Each data point is the mean � SEM of 4 –10 experiments. Curves have been plotted
using a logistic four-parameter equation. Fitted curves give EC50 values of 0.63 and 117 �M for sensitive and insensitive slices,
respectively. E, In sensitive slices, LY341495 (300 nM) fully reversed the large depressions of TAP evoked fEPSPs induced by
LY395756 (10 �M; n 	 4; filled bars). In contrast, in insensitive slices, it failed to reverse the small depressions induced by
LY395756 (100 �M; n 	 4; open bars).
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selected that had little intrinsic inhibition on the insensitive slices
(Fig. 2D) but which, according to studies using recombinant
receptors, should be an effective mGlu3 antagonist (Dominguez
et al., 2005). In insensitive slices, LY395756 partially antagonized
the action of 100 nM DCG-IV by �60% (n 	 5) (Fig. 4A) in a fully
reversible manner. Thus, the depression induced by DCG-IV was
reduced from 51 � 9 to 18 � 11% ( p � 0.05; n 	 5). In contrast,
in sensitive slices, LY395756 produced a purely additive effect,
increasing the inhibition from 57 � 5 to 81 � 8% (n 	 5) (Fig.
4B), whereas in interleaved insensitive slices, as above, the inhib-
itory effect of DCG-IV was partially reversed. To better define the
antagonist effect, various concentrations of LY395756 from 0.1 to
30 �M were tested versus DCG-IV (100 nM) in insensitive slices
(n 	 4 –11). A bell-shaped concentration–response curve was
obtained (Fig. 4C), which suggested an IC50 of �0.66 �M. It
should be noted that the biphasic nature of the concentration–
response curve is likely attributable to the intrinsic inhibitory
effect of LY395756 seen at high concentrations (Fig. 2D).

Analysis of the effects of DCG-IV in preparations sensitive and
insensitive to LY395756 revealed only minor differences in their
sensitivity to DCG-IV (for example, see Figure 4B). These results
suggest that DCG-IV exerts its effect mainly via mGlu2 receptors
in sensitive and via mGlu3 receptors in insensitive slices.

Pharmacology of LY395756 in transgenic mice
The above interpretation, however, relies on the reported phar-
macology of LY395756 on heterologously expressed cloned hu-
man receptors (Dominguez et al., 2005). Therefore, to investigate
its functional pharmacology on native group II mGluRs in ro-
dents, we tested the compound on mice engineered so as not to

express either the mGlu2 or the mGlu3
receptor (Linden et al., 2005) (Fig. 5). In
WT mice, LY395756 (1 and 10 �M) inhib-
ited TAP-evoked fEPSPs in CA1–SLM by
41 � 4 and 70 � 10%, respectively (n 	
4). In contrast, in mGlu2 KO mice,
LY395756 (1 and 10 �M) had no inhibi-
tory action (n 	 4) (Fig. 5A). In mGlu3
KO mice, LY395756 had effects not dis-
similar to those in wild-type mice, inhib-
iting fEPSPs by 35 � 6 and 44 � 14%,
respectively (n 	 5) (Fig. 5C).

When DCG-IV (300 nM) was super-
fused in mGlu2 KO mice, it produced an
inhibition of 40 � 9%, which was fully
reversed by LY395756 (10 �M; n 	 3) (Fig.
5B), whereas in mGlu3 KO mice, LY395756
(10 �M) had a small additive effect increas-
ing the DCG-IV inhibition from 47 � 6 to
53 � 10% (Fig. 5D) (n 	 4).

These data are consistent with the ac-
tions of LY395756 as a functional mGlu2
agonist and mGlu3 antagonist on native
rodent receptors. The similarity of the
mice and rat data supports our assertion
of the different roles of mGlu2 and mGlu3
receptors in the sensitive and insensitive
rats.

Rat strain differences account for the
diverse effects of LY395756
The dichotomy in these data suggested
that there may be genetic variation within

the University of Bristol rat breeding colony used for these stud-
ies. This colony consisted of Wistar rats purchased originally
from Charles River (Crl:Wi) and more recently from B&K Uni-
versal Ltd (B&K:Wi). During the course of our electrophysiolog-
ical study (2006 –2009), the ratio of sensitive to insensitive rats
reduced, which potentially correlated with the introduction of
the B&K rats into the breeding colony. Another possible expla-
nation was that there had been some change in management,
handling, environment, etc., that resulted in different pheno-
types. We investigated both these possibilities by purchasing rats
from different sources.

Wistar rats were therefore bought from the above two United
Kingdom suppliers. The fEPSPs recorded in CA1–SLM after TAP
stimulation of Crl:Wi rats were reduced by 84 � 6% by 10 �M

LY395756 (Fig. 6A) (n 	 9), whereas, in rats from B&K:Wi,
fEPSPs were unaffected (
1 � 7%; n 	 9) (Fig. 6A). Further-
more, as in sensitive slices, LY395756 produced a small additional
depression when added in the presence of DCG-IV in Crl:Wi rats,
whereas, as in insensitive slices, LY395756 antagonized the re-
sponse to DCG-IV in B&K:Wi rats. These results show that strain
differences do indeed underlie the differences in pharmacology.

Subsequently, we determined that the insensitive B&K:Wi rats
were derived from Wistar lineage from the Hannover Institute,
so-called Han strains (Fig. 6B), whereas the sensitive Crl:Wi
strain was more directly descended from the Wistar Institute.
Most Wistar rats commercially available in the United Kingdom
belong to the Han substrain. We therefore tested three other lines
of Han strain rats with LY395756 (10 �M) and found they had a
mixed population of sensitive and insensitive rats (Fig. 6A).
Thus, of 10 Crl.Han:Wi rats, six were sensitive (87 � 5% inhibi-

Figure 3. Pharmacological heterogeneity is maintained in the modified hippocampal slice preparation. A, Effects of LY395756
(10 �M) recorded from the cell body layer in CA1–stratum pyramidale in modified slices (Aa). Pooled data evoked by stimulation
in the TAP–SLM (circles) and SC (triangles) from insensitive (open symbols; n 	 3) and sensitive (filled symbols; n 	 5) slices (Ab).
Statistical differences are indicated in Results. B, Correlation between the depression of fEPSPs obtained by LY395756 (10 �M)
evoked after stimuli in the distal and proximal SLM (Ba) in insensitive (open circles; n	2) and sensitive (filled circles; n	6) slices,
respectively (Bb). C, In horizontal slices, the depression of the TAP–CA1 fEPSP with LY395756 (10 �M) also falls into two popula-
tions of sensitive (n 	 4) and insensitive (n 	 4) slices.
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tion) and four insensitive (7 � 5%). Of seven Harlan Hsd:Wi rats,
one was sensitive (95%) and six were insensitive (5 � 3%). Of
seven Harlan Rcc:Wi rats, four were sensitive (81 � 2%) and
three insensitive (
5 � 8%). We also tested a non-Wistar rat
strain from B&K Universal Ltd.; all nine Sprague Dawley rats
were of the sensitive phenotype (90 � 4%) (Fig. 6A). These find-
ings rule out a determining influence of management and/or
environmental differences in defining phenotype, because rats
from the same suppliers, and even within the same litter, ex-
pressed different sensitivities to LY395756.

Confirmation of differences in group II mGluR expression
levels in two substrains
To further understand the differences in pharmacology between
these rat strains, we also performed Western blotting using anti-
bodies selective for mGlu2 and mGlu3. Initially, we confirmed
the selectivity of the two antibodies using hippocampal tissue
from the transgenic mice (Fig. 7A). Next we used these two anti-
bodies on samples prepared from modified CA1 slices defined as
sensitive and insensitive electrophysiologically, which were
Crl:Wi and B&K:Wi rats, respectively. This showed that hip-
pocampal tissue from insensitive B&K:Wi rats had reduced ex-
pression of the mGlu2 receptor protein relative to that of the
sensitive Crl:Wi strain (Fig. 7B). Interestingly this appears likely
to be a global difference because whole parasagittal slices and the
cortical, striatal, and cerebellar regions from the adjacent slices
showed the same pattern of mGlu2 receptor expression (Fig.
7B,C). When the same samples were probed with the mGluR3
antibody, no difference between the strains was detected in its
expression (Fig. 7B,D).

Behavioral assays
Observations of rats in their home cages and during handling
suggested some differences in behavior between the sensitive and
insensitive strains. It was therefore decided to look for a strain-
dependent behavioral phenotype.

We initially examined the behavior of the two rat strains in an
open-field assay. First, we observed that the Crl:Wi rats showed
greater exploratory behavior, especially in the inner areas of the
arena, than the B&K:Wi rats. Second, we found that a group II
mGluR agonist, LY379268 (3 mg/kg, i.p.) (data not shown), re-
duced the exploratory behavior in the Crl:Wi rats but was inef-
fective in the B&K:Wi rats. These studies suggested that there is a
strain-dependent behavioral phenotype and that this may involve
a difference in the expression of group II mGluRs. However, these
initial studies were conducted on animals purchased from differ-
ent sources. This could introduce behavioral variables attribut-
able to the different environmental factors associated with the
two sources.

To minimize the effect of such environmental differences,
B&K:Wi and Crl:Wi rats were bred in-house, randomly housed,
matched carefully, and treated identically. Analysis of explor-
atory and anxiety-related behaviors in a full open-field assay of
these age- and rearing-matched controls revealed no overall dif-
ferences in locomotor activity (Fig. 8A; for total activity, see Ta-
ble 1, top). The Crl:Wi rats, however, spent relatively more time
in the interior of the arena (Fig. 8B) and made more rears while in
these inner areas (Table 1, bottom) than did B&K:Wi rats. This
phenotype has been interpreted as anxiety like (Cryan and Hol-
mes, 2005). The two strains were also tested in the elevated plus
maze, which relies on rodents aversion to open space and height
to assess anxiety-related behaviors (File, 2001). The B&K:Wi rats
spent less time in the open arms (Fig. 8C), made less entries into

Figure 4. LY395756 antagonizes the actions of DCG-IV only in insensitive slices. A, Pooled
data from five insensitive slices showing the antagonist action of LY395756 (10 �M) versus
depression induced by DCG-IV (100 nM). B, Pooled data showing the effect of LY395756 during
the application of DCG-IV (100 nM) in insensitive (open circles; n 	 11) and sensitive (filled
circles; n 	 5) slices. Note how it acts as an antagonist and an agonist, respectively. Note also
the lack of significant difference between the effects of DCG-IV in the two types of slices. C,
Concentration–response curve for the agonist effect of LY395756 in sensitive slices (filled circle;
dotted line) overlaps with the bell-shaped curve of the antagonist effect of LY395756 in insen-
sitive slices (open circles; solid line). Each data point is the mean � SEM of 4 –10 experiments.
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the open arms (Fig. 8D), and took longer
to venture into an open arm (Fig. 8E)
compared with the Crl:Wi rats (for de-
tails, see Table 1, bottom). Interestingly,
the time spent in the closed arms was the
same for both strains, but the B&K:Wi rats
spent more time in the central secure area
(Table 1, bottom).

In both the open-field and elevate plus
maze assays, the rats have a conflict be-
tween seeking safe areas and exploring
novel locations (File, 2001; Cryan and
Holmes, 2005). The difference between
the two strains suggests therefore that
the insensitive B&K:Wi rats have a more
anxiety-like profile.

To confirm that the expression of
mGlu2 receptors was still missing in these
12-week-old rats, we tested the sensitivity
of hippocampal slices from rats used in
the behavioral assays. As can be seen in
Figure 8F, slices from B&K:Wi rats re-
mained insensitive to 10 �M LY395756
(0 � 7% inhibition), whereas a robust
sensitivity to this mGlu2 agonist was
found in the Crl:Wi rats (60 � 13%).

Discussion
The present study has shown that LY395756 is a valuable tool for
understanding the roles of native mGlu2 and mGlu3 receptors.
We have confirmed that mGlu2 receptors regulate synaptic trans-
mission in the TAP input to CA1–SLM but have made the sur-
prising observation that mGlu3 receptors can also fulfill this role.
Furthermore, we have discovered a rat strain with low expression
of mGlu2 receptors, which also displays an anxiety-like pheno-
type in two animal models of anxiety.

LY395756 as a tool for differentiating mGlu2 and mGlu3
receptors
There is a lack of compounds for distinguishing between the two
group II receptors. N-acetylaspartylglutamate (NAAG) and
�-NAAG have been reported as selective mGlu3 ligands (Wrob-
lewska et al., 1997), but there are concerns with the use of NAAG
(Fricker et al., 2009). There are selective positive allosteric mod-
ulators of mGlu2, but these require agonist activation of the re-
ceptor to show effects (Johnson et al., 2003; Galici et al., 2005).
Clearly, additional subtype-selective compounds are required.

Orthosteric compounds have certain advantages. LY395756 is
such an orthosteric agent (compound 13) (Dominguez et al., 2005).
It displaces 3H-LY341495 binding equi-effectively from heterolo-
gously expressed human mGlu2 and mGlu3 receptors, but in fors-
kolin-stimulated cAMP assays, it is an agonist at mGlu2 (EC50 of
0.40 �M) and an antagonist at mGlu3 receptors [IC50 of 2.94 �M vs
30 �M (1S,3R)-1-amino-1,3-cyclopentanedicarboxylic acid]. In the
present studies, LY395756 was an agonist in sensitive slices with an
EC50 of �0.63 �M and an antagonist in insensitive slices with an IC50

of �0.66 �M (vs 100 nM DCG-IV). The replication of these observa-
tions in mGlu3 and mGlu2 KO mice, respectively, supports the orig-
inal description (Dominguez et al., 2005) of this compound as a
mixed mGlu2 agonist/mGlu3 antagonist and importantly extends
the observations to native rodent receptors. This makes LY395756 a
very useful tool for distinguishing roles of native mGlu2 and mGlu3
receptors.

Figure 5. ActionsofLY395756ingroupIImGluRknock-outmice. A–D,EffectofLY395756(1–10�M)inmGlu2KO(A, B)andmGlu3KO
(C,D)mice(pooleddata,n	3–5).LY395756(1–10�M)iswithouteffect inmGlu2KOmice(A)butdepressesthefEPSPresponseinmGlu3
KO mice (C). LY395756 (10 �M) also antagonizes the action of DCG-IV (300 nM) in mGlu2 KO (B) but not in mGlu3 KO (D) mice.

Figure 6. Effects of LY395756 on substrains of Wistar rats. A, Scatter grams showing the effect of
LY395756 on TAP-evoked fEPSPs in five different substrains of Wistar rats and one strain of Sprague
Dawley (SD) rats. Open circles indicate an effect similar to insensitive preparations and filled circles to
sensitive ones. Gray circles represent the data from Sprague Dawley rats. B, Simplified scheme of the
relationship and apparent derivation of the different substrains of Wistar rats.
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Experiments on the University of
Bristol rat colony
DCG-IV being an effective and reliable in-
hibitor of the TAP input into CA1–SLM,
an effect reversed by 300 nM LY341495, it
was concluded that this was a group II
mGluR effect, most likely mediated by
mGlu2 receptors, according to immuno-
histochemical (Petralia et al., 1996; Shige-
moto et al., 1997; Tamaru et al., 2001) and
electrophysiological (Kew et al., 2002)
data. It was therefore surprising that, in
some of our first experiments with the
mGlu2 receptor agonist, LY395756, there
was no or little inhibition up to 10 �M,
despite the fact that DCG-IV at 100 nM

was effective in the same slice. It quickly
became apparent that the data fell into
two distinct populations, a sensitive and
an insensitive group.

There were a number of plausible ex-
planations for the data. For example,
small variations in positioning of the
stimulating electrode could have prefer-
entially activated the SC pathway or the
trisynaptic pathway via dentate gyrus and
CA3 neurons to CA1, resulting in a differ-
ent mGlu2 agonist sensitivity relative to
the direct TAP input. These were excluded
by cutting through the SC pathway and
removing the majority of dentate gyrus
and CA3 (Empson and Heinemann,
1995) This, however, did not exclude
the possibility of a differential effect of
LY395756 on the medial versus the lateral
entorhinal layer III inputs via the TAP
into SLM, as observed for medial and lat-
eral perforant path inputs into dentate
gyrus (Macek et al., 1996; Kilbride et al.,
1998; Kew et al., 2001). Different stimu-
lating electrode positions in a single slice,
multiple slices from the same rat, and differ-
ent slice orientations, however, all gave a
similar magnitude of response to LY395756.
These results are all consistent with pharma-
cological sensitivity differences between in-
dividual rats.

This interpretation was confirmed by
taking sensitive and insensitive slices and
analyzing them for mGlu2 and mGlu3 re-
ceptor expression by Western blot using
antibodies that we demonstrated were selective for these proteins
in mice expressing only mGlu2 or mGlu3 receptors. The immu-
nochemistry results clearly show a huge differential expression of
the mGlu2 receptor between the two types of electrophysiologi-
cally characterized slices.

Strain differences explain the heterogeneity
The original Wistar Institute rat strain has been re-derived at
various institutes and commercial establishments (Fig. 7B). In
Europe, the Hannover Institute was the source of many, but not
all, subsequently developed lines; these are termed Han Wistars.
The University of Bristol Animal Services Unit bred Wistar rats

that were either Han Wistars from B&K Universal Ltd. (B&K:Wi)
or non-Han Wistars from Charles River (Crl:Wi), which we show
here are the sources of insensitive and sensitive rats, respectively.
Other commercial sources of Han Wistars had both insensitive
and sensitive rats. Although a full analysis of all Wistar strains is
beyond the scope here, it appears that the insensitive phenotype
has arisen in rat strains from the Hannover Institute. Rat strains
showing divergent pharmacological and behavioral phenotypes
are well established, mostly developed by selective breeding for
phenotype (Overstreet, 2002). For example, there are Wistar lines
bred for alcohol preference (McBride and Li, 1998), attention
deficits (Sagvolden, 2000), and increased anxiety, possibly as a

Figure 7. Expression of mGlu2 and mGlu3 in tissues from knock-out mice and different substrains of Wistar rats. A, Specificity
of mGlu2 and mGlu3 receptor antibodies determined by Western blots using tissue from adult hippocampal slices from two WT,
two mGlu2 KO, and two mGlu3 KO mice. These antibodies were used at 1 �g/ml concentration and are selective for mGlu2 and
mGlu3 proteins. The same blots were probed with anti-actin antibody (0.2 �g/ml) to ensure equal loading. B, Western blots
performed using the same antibodies on a parasagittal slice (Whole) and the cortical (Cortex), hippocampal (Hippo), cerebellar
(Cereb), and striatal (Striat) regions of adjacent slices from postnatal day 14 Crl:Wi sensitive and B&K:Wi insensitive rats. The
sensitivity to LY395756 was verified in hippocampal slices from the same rats. C, D, Histogram of densitometric analysis of the
protein expression of mGlu2 (C) and mGlu3 (D) receptors, respectively, as shown in B using NIH ImageJ. IB, Immunoblot. ***p �
0.001 compared with control (Student’s t test).
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result of overexpression of vasopressin (Landgraf and Wigger,
2003). In contrast, the marked phenotypic differences in mGlu2
receptor expression described here have arisen serendipitously.

Implications of the observed strain differences
An important cautionary note resulting from these studies is that
the use of a single strain of rat can lead to major errors of inter-
pretation. For example, it would be impossible to determine any
role for mGlu2 receptors in B&K:Wi rats, and their use could
exaggerate the role of mGlu3 receptors.

Mixed mGlu2/3 receptor agonists such as LY354740 and
LY379268 have been used in behavioral assays and in animal
models of disease to investigate the role of group II receptors.
They were first shown to cross the blood– brain barrier (Bond et
al., 1997) and then to have neuroprotective (Bond et al., 1998),
anxiolytic (Helton et al., 1998), and anti-convulsant (Monn et al.,
1999) properties. The neuroprotective (Bruno et al., 2001), anxi-
olytic (Walker et al., 2002; Schoepp et al., 2003), and anti-
convulsant (Smolders et al., 2004) effects have been confirmed
and extended to inflammatory and neuropathic pain (Simmons et

al., 2002; Jones et al., 2005) and to animal models of schizophrenia
(Moghaddam and Adams, 1998; Cartmell et al., 2000a,b). In human
clinical trials, peptide prodrugs of LY354740 and related compounds
have shown efficacy in anxiety states (Grillon et al., 2003; Dunayev-
ich et al., 2008) and in schizophrenia (Patil et al., 2007).

In the absence of compounds discriminating effectively be-
tween mGlu2 and mGlu3 receptors, it is unclear which of these
two receptor subtypes is responsible for these diverse effects. Re-
sults from transgenic mice point to mGlu2 receptors mediating
the effects of the mixed agonist in models of schizophrenia (Fell et
al., 2008; Woolley et al., 2008), whereas human tissue studies
favor a role for mGlu3 receptors in psychiatric disease (Corti et
al., 2007a; Harrison et al., 2008). The mGlu2 receptors also ap-
pear to mediate the analgesic effects of mixed agonists (Chiechio
et al., 2009), whereas mGlu3 receptors mediate their neuropro-
tective effects (Corti et al., 2007b), and their anxiolytic activity
appears to be mediated by both group II receptors (Linden et al.,
2005). However, the initial behavioral observation that the insen-
sitive B&K:Wi strain shows a more anxiety-like profile suggests
that the lack of mGlu2 receptors may be one of the factors leading
to an anxious phenotype and may suggest that mGlu2 receptors
mediate at least some of the anxiolytic actions of mixed mGlu2/3
agonists reported in the clinic (Grillon et al., 2003; Dunayevich et
al., 2008), although mGlu2 KO mice are not reported to have an
anxious phenotype (Linden et al., 2005). A more thorough etho-
graphic survey of these two strains is needed before the full phe-
notype related to the mGlu2 receptor deficit can be elucidated.

Because most animal models of neurological and psychiatric
conditions have been developed in the rat, a rat substrain not
expressing mGlu2 receptors could have many advantages for pre-
clinical research. Equally, the same substrain expressing primar-
ily mGlu3 receptors should be useful in determining the roles of
these receptors using standard pharmacological tools, which in
normal rats have the complication of also activating mGlu2 re-
ceptors. In particular, it will be useful for differentiating the roles
of the two group II mGlu receptors in neuroprotection studies.
Interestingly, in the present study, the similarity in the effects of
DCG-IV on the sensitive and insensitive rat strains, as an inhib-
itor of the TAP input into CA1–SLM, imply that mGlu3 receptors

Figure 8. Behavioral studies in Crl:Wi and B&K:Wi rats. A, B, Open-field assay; C–E, elevated
plus maze assay. A, Histogram showing total locomotor activity over 20 min in the open field
expressed as the number of line crossings in 5 min epochs made by Crl:Wi (filled bar) and
B&K:Wi (open bar) rats. B, Histograms showing greater tendency of Crl:Wi rats (filled bar) to
explore the inner areas of the open-field arena. Line crossings in the inside area of the open field
are normalized by expressing as a percentage of total number of line crossings in the 5 min test.
C, Histograms showing that Crl:Wi (filled bar) rats spend more time in the open arms of the
elevated plus maze expressed as percentage of total 5 min compared with B&K:Wi rats (open
bar). D, Histograms showing that Crl:Wi rats (filled bar) make more entries into the open arm
from the central area of the elevated plus maze than B&K:Wi rats (open bar). E, Histograms
showing that the Crl:Wi rats (filled bar) enter the open arms of the elevated plus maze more
quickly than B&K:Wi rats (open bar), expressed as the latency to the first open arm entry. F,
Actions of LY395756 (10 �M) on synaptic transmission in the TAP–SLM pathway of Crl:Wi (filled
circles) and B&K:Wi (open circles) rats used previously for the above behavioral assays. The
sample traces are taken from one of the experiments as indicated on the graph.

Table 1. Behavioral data

Crl:Wi B&K:Wi Statistical analysis

Open field n 	 13 n 	 13
Number of line crossings in

20 min
260.3 � 22.1 204.4 � 18.5 t(24) 	 1.94, p � 0.05

% outside/total line crossings 85.8 � 1.0 92.5 � 1.4 t(24) 	 3.92, p � 0.005
% inside/total line crossings 14.2 � 1.0 7.5 � 1.4 t(24) 	 3.92, p � 0.005
Total number of rears 95.5 � 6.3 68.8 � 5.5 t(24) 	 3.27, p � 0.01
% outside/total of rears 92.8 � 1.1 97.3 � 0.6 t(24) 	 3.58, p � 0.01
% inside/total of rears 7.2 � 1.1 2.7 � 0.7 t(24) 	 3.58, p � 0.01

Elevated plus maze n 	 13 n 	 14
% time spent in closed arms 45.9 � 2.7 48.3 � 2.7 t(25) 	 0.61, p � 0.1
% time spent in centre 36.4 � 2.8 46.5 � 2.3 t(25) 	 2.83, p � 0.01
% time spent in open arms 17.7 � 2.6 5.2 � 1.8 t(25) 	 4.00, p � 0.001
Total number of entries 9.7 � 0.5 8.3 � 0.3 t(25) 	 2.24, p � 0.05
Number of closed arm entries 6.1 � 0.3 7.3 � 0.3 t(25) 	 2.62, p � 0.05
Number of open arm entries 3.6 � 0.3 1.0 � 0.3 t(25) 	 5.58, p � 0.001
Latency to first closed arm

entry (s)
24.5 � 5.3 21.7 � 6.4 t(25) 	 0.33, p � 0.1

Latency to first open arm
entry (s)

38.1 � 17.3 182.5 � 33.0 t(25) 	 3.79, p � 0.005

Data from open field (top) and elevated plus maze (bottom) behavioral assays on matched 9- to 11-week-old rats
from sensitive (Crl:Wi) and insensitive (B&K:Wi) strains. Values are given as the mean � SEM and t (degrees of
freedom) and p values from Student’s t test.
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are able to fulfill the function of the missing mGlu2 receptor. It
remains to be studied whether there is some upregulation on the
TAP terminals or whether mGlu3 receptors in other places, for
example in astrocytes, compensate for the missing neuronal
mGlu2 receptors.

In conclusion, we believe the present results contribute to our
understanding of the roles of group II metabotropic receptors.
The elucidation of a subtype-selective compound and of a strain
of rat not expressing mGlu2 receptors that has an anxiety-like
phenotype will allow the therapeutic potential of the two constit-
uent mGlu receptors to be studied more precisely.
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