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paired -test, n = 5 neurons). PPR analysis (see METHODS)
also indicated a presynaptic modulation of evoked EPSCs in
PFC pyramidal cells. Two orthodromic synaptic stimuli of
equal intensity were applied at varying intervals, and the
resulting EPSCs were recorded (Fig. 9E). PPR was calcu-
lated as the ratio of the initial EPSC (EPSC1) and the second
EPSC (EPSC2; see Fig. 9F). Any alterations in PPR suggest
a presynaptic site of action (Fu and Neugebauer 2008).
DHPG (1 uM) decreased PPR significantly (n = 5 neurons,
2-way ANOVA, F, 4, = 16.77, P < 0.001; Fig. 9F), which
is consistent with a presynaptic site of action. Thus mGluR1
increases excitatory input to pyramidal cells and also to
interneurons to activate feed-forward inhibition. The net
effect is suppression of pyramidal output.

Activation of Group I mGluRs in the Medial PFC Impairs
Decision Making Through GABAergic Inhibition

We next we tested the hypothesis that group I mGluR-
induced inhibition of pyramidal cells in the medial PFC results
in cognitive deficits that were previously described in a pain
model, using a computerized behavioral task in which rats
decide between high-risk and low-risk strategies (Ji et al.
2010). This rodent “gambling task™ is based on serial choices
between food rewards of different value and probability (Pais-
Vieira et al. 2007; 2009). In 90 consecutive trials, a rat entered
the test arena to press one of two levers associated with a food
reward before the animal was returned to the entry chamber.
Following the nongambling training phase in which each of
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two levers provided one food pellet in nine of ten visits, the
animal was tested on decision making in a single session of 90
consecutive trials in which one lever was altered to return three
pellets in three of ten visits (high-risk choice), whereas the
other lever continued to deliver one pellet in nine of ten visits
(low-risk choice; see METHODS).

As in our previous study (Ji et al. 2010), rats initially
preferred the high-risk lever, which is reflected in a negative
preference index (see METHODS and Fig. 10). Normal animals
(n = 6) developed, after about 40 trials, a preference for the
low-risk lever that provided smaller but more reliable rewards
(Fig. 10A). In contrast, administration of DHPG (100 uM,
concentration in microdialysis fiber) into the medial PFC by
microdialysis (see METHODS) caused these animals (n = 5) to
perseverate in preferring the high-risk lever associated with
larger but infrequent rewards (Fig. 10A). Preference index of
DHPG-treated animals was significantly different from that of
normal rats after about 50 trials (2-way ANOVA, F, g,
28.16, P < 0.0001). Coapplication of bicuculline (1 mM) with
DHPG to block GABA ,-receptors in the medial PFC restored
normal decision making (n = 5 rats; Fig. 10A). Accordingly,
their preference index was not significantly different from that
of normal rats (2-way ANOVA, F, g, = 2.38, P > 0.05).

The data suggest that activation of mGIuR1/5 impairs deci-
sion-making abilities through a GABAergic mechanism. Ac-
cordingly, administration of a GABA , receptor agonist (mus-
cimol, 0.5 mM, n = 5) (Nattie and Li 2008) into the medial
PFC also prevented the animals from developing a preference
for the low-risk reward (Fig. 104; F, g, = 32.31, P < 0.0001
compared with normal). As a placement control for drug
diffusion, administration of DHPG into the anterior cingulate
cortex dorsal to the prelimbic PFC did not impair the ability to
switch strategies and develop a preference for the low-risk
lever (Fig. 10B; n = 5, F = 6.06, P < 0.0001 repeated-
measures ANOVA, compared with initial preference index).

Impaired decision making observed with DHPG or musci-
mol was not due to motor or attention deficits because reaching
each lever involved the same movements and choices were not
cue based in this task (Pais-Vieira et al. 2007; 2009). The
results suggest that group I mGluRs impair decision making
through the activation of GABA , receptors in the medial PFC.

DISCUSSION

This study tested the hypothesis that group I mGluR-acti-
vated feed-forward inhibition decreases PFC pyramidal cell

Fig. 7. DHPG-induced synaptic inhibition inhibits pyramidal output (depolar-
ization-induced spiking). Whole cell current-clamp recordings of visually
identified prelimbic layer V pyramidal cells. Action potentials were generated
by direct intracellular current injections (500 ms) of increasing magnitude (in
50-pA steps) from a holding potential of —60 mV. Right: original voltage
traces showing action potentials evoked in individual cells by current injec-
tions of 0 pA and 300 pA. Left: graphs showing input-output functions (f~/
relationships) averaged for each sample of neurons. A: DHPG (1 uM) de-
creased the input-output function significantly (n = 28 neurons, 2-way
ANOVA, F, 43, = 257.01, P < 0.0001). *#*P < 0.001 (Bonferroni posttests).
B: when GDP--S (1 mM) was included in the patch pipette (predrug), DHPG
still had inhibitory effects (n = 5 neurons, 2-way ANOVA, F, o, = 16.84, P <
0.001). *P < 0.05 (Bonferroni posttests). C: bicuculline (10 uM) itself did not
affect neuronal excitability but blocked the inhibitory effect of DHPG (n = 7
neurons, 2-way ANOVA, F, o = 0.28, P > 0.05). D: NBQX (10 uM) also had
no effect on action potential firing but blocked the effect of DHPG (n = 6,
2-way ANOVA, F, 4, = 0.57, P > 0.05). Symbols show means = SE.
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Fig. 8. DHPG increases output of interneurons through a presynaptic mecha-
nism. Whole cell current-clamp recordings were made of fast-spiking nonac-
commodating interneurons with fast afterhyperpolarization (Markram et al.
2004; Zhou and Hablitz 1996) that were visually identified as nonpyramidal
cells in layer V of the prelimbic cortex. A: DHPG (1 uM) increased the
frequency-current (f~/) function of PFC interneurons significantly (n = 5
neurons, 2-way ANOVA, F, ¢, = 210.94, P < 0.0001). Input-output functions
were averaged for each sample of neurons (mean * SE). B: action potentials
evoked in an individual interneuron by current injections of 0 pA and 300 pA.
Action potentials were generated by direct intracellular current injections (500
ms) of increasing magnitude (in 50-pA steps) from a holding potential of —65
mV. C: individual traces show miniature EPSCs in TTX (1 uM) before
(predrug) and during application of DHPG (1 uM). D and E: DHPG decreased
frequency (n = 5, paired t-test, P < 0.05) but not amplitude of mEPSCs in
mPFC interneurons, consistent with a presynaptic site of action. Bar histo-
grams show means = SE. ***P < 0.001, *P < 0.05.

output, thus impairing cognitive behavior. Our hypothesis was
based on anatomical evidence that in the medial PFC glutama-
tergic afferents from extracortical areas such as the amygdala
target not only pyramidal cells but also nearby inhibitory
GABAergic interneurons synapsing on pyramidal cells in layer
V (Bacon et al. 1996; Gabbott et al. 2006; Kita and Kitai 1990).
Functional evidence linked synaptic inhibition of pyramidal
cells to impaired decision making in a pain model (Ji et al.
2010).

Our data clearly show that DHPG-activating mGluR1
1) increases output of medial PFC interneurons (f-/ relation-
ship) through a presynaptic action (mEPSC analysis), thus
increasing synaptic inhibition of medial PFC pyramidal cells
(increased IPSCs) to decrease their output (E-S coupling and
J-I relationship) through a mechanism that does not require G
proteins in the pyramidal cell (not blocked with GDP-p-S),
2) is action potential dependent (lost in TTX), and 3) requires

J Neurophysiol « VOL 106

non-NMDA receptors (blocked by NBQX). The results are
consistent with a model in which mGIuR1 activation increases
glutamate-driven GABA ,-receptor-mediated feed-forward in-
hibition of medial PFC pyramidal cells to decrease their output
(spike generation).

A potential shortcoming of this study is that the mechanism
by which synaptic inhibition overrides synaptic excitation
remains to be determined. Our data show that DHPG facilitated
glutamatergic transmission onto interneurons to produce feed-
forward inhibition of pyramidal cells, but DHPG also acted
presynaptically to increase excitatory transmission onto pyra-
midal cells. Mechanisms that favor synaptic inhibition over
excitation may involve intracellular processes such as shunting
and the modulation of the generation and timing of action
potentials, hence control pyramidal output by GABAergic
cortical interneurons (Cruikshank et al. 2007; Markram et al.
2004). Cortical interneurons show greater sensitivity than py-
ramidal cells to glutamatergic input attributable to different
cellular properties or synaptic targeting and timing (Cruik-
shank et al. 2007; Markram et al. 2004; Povysheva et al. 2006).

mGluR1-driven feed-forward inhibition impairs cognitive
performance measured as the inability to switch strategies in a
decision-making task. Cognitive inflexibility resulting from the
loss or impairment of PFC function is well documented for a
number of neuropsychiatric disorders (Bowie and Harvey
20006; Clarke et al. 2004; Goto et al. 2010; Gu et al. 2008;
Stalnaker et al. 2009). Recent evidence also implicates PFC
areas in pain-related cognitive deficits such as impaired emo-
tion-based decision making (Apkarian et al. 2004b; Ji et al.
2010; Pais-Vieira et al. 2009). Structural and functional
changes of layer II/III pyramidal cells in the medial PFC were
observed in a model of neuropathic pain (Metz et al. 2009).

Our previous study showed increased synaptic inhibition of
layer V pyramidal cells as the consequence of hyperactivity of
amygdala neurons in a model of arthritis pain (Ji et al. 2010).
Functional interactions between amygdala and PFC play an
important role in emotional learning and behavior (Herry et al.
2008; Holland and Gallagher 2004; Laviolette and Grace 2006;
McGaugh 2004; Roozendaal et al. 2009; Stalnaker et al.
2007a). Both PFC (Bechara et al. 1999; Kouneiher et al. 2009;
Pais-Vieira et al. 2007; Stalnaker et al. 2007a; Vertes 2006)
and amygdala (Bechara et al. 1999; 2003; Seymour and Dolan
2008; Stalnaker et al. 2007b) contribute to emotion-based
decision making. Glutamatergic projections from the basolat-
eral amygdala form monosynaptic connections with parvalbu-
min-positive local-circuit interneurons in the medial PFC (Ba-
con et al. 1996; Gabbott et al. 2006), which are known to
control pyramidal cell output (Markram et al. 2004). Therefore,
enhanced amygdala output would increase synaptic inhibition
of medial PFC neurons. Accordingly, increased inhibitory
synaptic transmission in the medial PFC, decreased activity of
pyramidal cells, and impaired decision making were observed
in our previous study in a model of arthritis pain (Ji et al.
2010).

In contrast, disruption of GABAergic inhibitory systems in
the PFC is one consistent finding in schizophrenia pathology
(Beasley et al. 2002; Lewis and Gonzalez-Burgos 2008), a
disorder that is characterized by cognitive deficits such as
behavioral inflexibility (Bowie and Harvey 2006; Goto et al.
2010). A specific deficit of parvalbumin-interneurons in the
PFC was described in the PCP model of schizophrenia (Wang
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Fig. 9. DHPG acts presynaptically to increase excit-
atory transmission onto pyramidal cells. Whole cell
voltage-clamp recordings of visually identified prelim-
bic layer V pyramidal cells. A: diagram illustrates our
hypothesis that mGluR1 acts presynaptically to regu-
late glutamatergic transmission onto interneurons as
well as pyramidal cells. B: individual traces show
mEPSCs (in TTX, 1 uM) recorded before and during
DHPG (1 uM). C and D: cumulative distribution
analysis (see METHODS) of mEPSC frequency (C) and
amplitude (D). Bar histograms show mean frequency
and amplitude averaged for the sample of neurons (n =
5) before (predrug) and during DHPG. DHPG (1 uM)
increased frequency but not amplitude of mEPSCs
significantly (cumulative frequency distribution, P <
0.001, Kolmogorov-Smirnov test; mean frequency,
P < 0.05, paired -test, n = 5 neurons). E: individual
traces (averages of 3—4 EPSCs) show that DHPG (1
uM) decreased paired-pulse facilitation of evoked
EPSCs. F: paired-pulse ratio of peak amplitudes of 2
consecutive EPSCs (EPSC2/EPSC1) was measured at
different interstimulus intervals under control condi-
tions (predrug) and in the presence of DHPG (1 uM).
The overall effect of DHPG was significant (n = 5
neurons, 2-way ANOVA, F, ,, = 16.77, P < 0.001).
Bonferroni posttests showed a significant difference
for the 20 ms interstimulus interval. *P < 0.05. E

DHPG

et al. 2008) and was found in postmortem studies of schizo-
phrenic brains (Lewis et al. 2005). Loss of GABAergic func-
tion is believed to result in the disinhibition of pyramidal cells,
impaired regulation of pyramidal cell networks and pyramidal
output, and cognitive deficits (Homayoun and Moghaddam
2007; Lewis and Gonzalez-Burgos 2008; Lisman et al. 2008).
Cognitive deficits resulting from enhanced (pain model) or
impaired (schizophrenia) synaptic inhibition of PFC pyramidal
cells are consistent with the finding that abnormally low or
high action potential firing rates of PFC pyramidal cells cor-
relate with impaired cognitive performance (Chang et al.
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2005). Therefore, maintenance of an optimum firing rate and
pyramidal output is required for normal cortical function and
cognitive performance.

Here we analyzed mechanisms and consequences of feed-
forward inhibition in the medial PFC. Our data show that
mGluR1, but not mGIluRS, can increase inhibition through the
activation of non-NMDA receptors that regulate GABA ,-
receptor-mediated inhibitory transmission onto pyramidal
cells. Furthermore, mGluR 1-activated synaptic inhibition de-
creases synaptically evoked spikes (E-S coupling) and depo-
larization-induced action potential firing (f-/ relationship) in
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Fig. 10. DHPG impairs decision making through a GABAergic mechanism
in the PFC. Animals chose between low-risk (1 food pellet in 9 of 10 visits)
and high-risk (3 pellets in 3 of 10 visits) levers in 90 consecutive trials (see
METHODS). Symbols (mean = SE) show the preference index [(low-risk —
high-risk choices)/number of trials] averaged for 10 consecutive trials of
animals in 3 experimental groups. A: normal animals (n = 6) switched from
high- to low-risk choices. Rats in which DHPG (100 uM) was administered
into the medial PFC by microdialysis (see METHODS) failed to switch
strategies (n = 5). Their preference index was significantly different from
that of normal rats (2-way ANOVA, F, 3, = 28.16, P < 0.0001). Coap-
plication of bicuculline (I mM) with DHPG restored normal decision
making (n = 5). Preference index was not significantly different from that
of normal rats (2-way ANOVA, F, 5, = 2.38, P > 0.05). Administration of
a GABA , receptor agonist (muscimol, 0.5 mM, n = 5) (Nattie and Li 2008)
into the medial PFC mimicked the effect of DHPG and resulted in a
preference index that was significantly different from that of normal
animals (F, g, = 32.31, P < 0.0001 compared with normal). **P < 0.01,
¥Ep < 0.001; #P < 0.05, #P < 0.01, ##H#P < 0.001, compared with
normal (Bonferroni posttests). B: placement control for drug diffusion.
Administration of DHPG into the anterior cingulate cortex dorsal to the
prelimbic PFC (n = 5) did not impair the ability to switch strategies, which
is reflected in the significant change of the preference index compared with
the initial preference index value (F = 6.06, P < 0.0001 repeated-measures
ANOVA). *P < 0.05, ***P < 0.001 compared with initial preference
index (Dunnett’s posttests).

pyramidal cells. Activation of group I mGluRs in the medial
PFC of freely behaving animals impairs decision making
through a mechanism that involves GABAergic inhibition
because it is blocked by a GABA, receptor antagonist and
mimicked by a GABA , receptor agonist.

J Neurophysiol « VOL 106

The following observations support these conclusions.
DHPG facilitated polysynaptic inhibitory transmission onto
pyramidal cells. The polysynaptic nature of the GABAergic
IPSCs is supported by the pharmacological profile (blockade
by NBQX and bicuculline) and synaptic characteristics (high
jitter, longer latencies, inability to follow high-frequency stim-
ulation reliably). In this serial two-step pathway, NBQX
blocked an initial unobserved EPSC that was responsible for
evoking the bicuculline-sensitive GABAergic IPSC (for dis-
cussion see Doyle and Andresen 2001). The facilitatory effect
of DHPG was blocked by LY367385 but not MTEP, indicating
the involvement of mGIluR1. Both antagonists are subtype-
selective at the concentrations used in this study (Lea and
Faden 2006; Lesage 2004; Niswender and Conn 2010), and
their differential effects further argue in favor of subtype
selectivity. DHPG-activated synaptic inhibition was blocked
by NBQX and TTX, suggesting that DHPG did not act directly
on the GABAergic terminal but through an action potential-
dependent mechanism that involved the activation non-NMDA
(AMPA) receptors. Recordings of mPFC interneurons showed
that DHPG increased spike firing through a presynaptic mech-
anism. In other words, mGluR1 activation triggered release of
glutamate onto GABAergic interneurons, thus causing them to
fire action potentials and release GABA onto mPFC pyramidal
cells to inhibit their output.

The underlying mechanisms of DHPG-driven feed-forward
inhibition of pyramidal cell function remain to be determined.
DHPG produced GABAergic (bicuculline-sensitive) mem-
brane hyperpolarization and decreased input resistance and
inhibition of excitability and output (E-S coupling) of pyrami-
dal cells. The DHPG-induced increase in spontaneous IPSCs is
consistent with the contribution of GABA release onto pyra-
midal cells. Excitability changes are likely due to the decreased
input resistance, which is a well-documented effect of GABA
receptor activation, but they are at least in part independent of
the DHPG-induced hyperpolarization because they persist even
when the membrane potential is kept constant (repolarized to
control levels). Thus the data suggest that excitability changes
are not attributable to hyperpolarization-activated secondary
ionic membrane effects.

Glutamate-driven disynaptic feed-forward inhibition has
been shown in several brain areas (Doyle and Andresen 2001;
Ferrante et al. 2009; Ling and Benardo 1995; Silberberg and
Markram 2007). Importantly, mGluR1 has been implicated in
feed-forward inhibition in the cerebellum, where mGIluR1
activation increased the spontaneous firing of stellate-basket
cells and also the frequency of spontaneous inhibitory postsyn-
aptic currents in Purkinje cells (Karakossian and Otis 2004).
Activation of group I mGluRs in the medial PFC increased the
release of GABA (Segovia and Mora 2005) and glutamate
(Melendez et al. 2005), and the latter effect was blocked by an
mGluR1 antagonist (L'Y367385). On the other hand, mGIuR5
mediated the increase of spontaneous EPSCs but not miniature
EPSCs by DHPG in PFC pyramidal cells, suggesting network
effects (Marek and Zhang 2008). Similar to the results of our
study, DHPG increased the frequency of spontaneous but not
miniature IPSCs onto pyramidal cells in not further specified
regions of prefrontal brain slices, but the contribution of
mGIuR1 and mGIluRS5 was not determined (Chu and Hablitz
1998). To the best of our knowledge, the present study is the
first to show that mGluR1, but not mGluRS5, activates feed-
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forward inhibition compared with synaptic excitation of pyra-
midal cells in the medial PFC.

The consequence of DHPG-activated feed-forward inhibi-
tion is decreased output of pyramidal cells, which correlated
with decision-making deficits in a behavioral task. The DHPG-
induced cognitive deficit mimicked that observed in pain mod-
els (Ji et al. 2010; Pais-Vieira et al. 2009), suggesting that
blocking mGluR1 may have beneficial effects in these condi-
tions. The link between electrophysiology and behavior in this
study rests on pharmacological data. As a note of caution,
several issues need to be considered when interpreting the
electrophysiological results as showing a neural mechanism of
impaired decision making. Simultaneous activation of all
mGluRs in the slice with the exogenously applied mGluR1/5
agonist and synaptic activation of all inputs from the BLA to
the mPFC would not likely occur under physiological condi-
tions. Temporal and spatial patterns and magnitude of mGluR1
activation by the endogenous release of ligands in decision-
making behavior could be quite different from the situation in
the reduced slice preparation.

Interestingly, positive allosteric modulators of mGluR1
(Lesage and Steckler 2010) or mGluRS5 (Niswender and Conn
2010) have been proposed as novel therapeutic approaches in
the treatment of cognitive symptoms of schizophrenia. Impor-
tantly, whereas cognitive inflexibility associated with schizo-
phrenia resembles the decision-making deficits in pain, the
underlying neural mechanisms are different. The well-docu-
mented loss of GABAergic interneurons in schizophrenia
(Beasley et al. 2002; Goto et al. 2010; Lewis and Gonzalez-
Burgos 2008; Wang et al. 2008) is in stark contrast to the
increased GABAergic tone in the medial PFC in a pain model
(Ji et al. 2010). The data of the present study would suggest
that activating mGluR 1 to increase synaptic inhibition could be
a useful strategy in disorders that are accompanied by impaired
GABAergic function.
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