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Rescue of Impaired mGluR5-Driven Endocannabinoid
Signaling Restores Prefrontal Cortical Output to Inhibit Pain
in Arthritic Rats
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The medial prefrontal cortex (mPFC) serves executive functions that are impaired in neuropsychiatric disorders and pain. Underlying
mechanisms remain to be determined. Here we advance the novel concept that metabotropic glutamate receptor 5 (mGluR5) fails to
engage endocannabinoid (2-AG) signaling to overcome abnormal synaptic inhibition in pain, but restoring endocannabinoid signaling
allows mGluR5 to increase mPFC output hence inhibit pain behaviors and mitigate cognitive deficits. Whole-cell patch-clamp recordings
were made from layer V pyramidal cells in the infralimbic mPFC in rat brain slices. Electrical and optogenetic stimulations were used
to analyze amygdala-driven mPFC activity. A selective mGluR5 activator (VU0360172) increased pyramidal output through an
endocannabinoid-dependent mechanism because intracellular inhibition of the major 2-AG synthesizing enzyme diacylglycerol lipase or
blockade of CB1 receptors abolished the facilitatory effect of VU0360172. In an arthritis pain model mGluR5 activation failed to overcome
abnormal synaptic inhibition and increase pyramidal output. mGluR5 function was rescued by restoring 2-AG-CB1 signaling with a CB1
agonist (ACEA) or inhibitors of postsynaptic 2-AG hydrolyzing enzyme ABHD6 (intracellular WWL70) and monoacylglycerol lipase MGL
(JZL184) or by blocking GABAergic inhibition with intracellular picrotoxin. CB1-mediated depolarization-induced suppression of synaptic inhibition (DSI) was also impaired in the pain model but could be restored by coapplication of VU0360172 and ACEA. Stereotaxic
coadministration of VU0360172 and ACEA into the infralimbic, but not anterior cingulate, cortex mitigated decision-making deficits and
pain behaviors of arthritic animals. The results suggest that rescue of impaired endocannabinoid-dependent mGluR5 function in the
mPFC can restore mPFC output and cognitive functions and inhibit pain.
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Significance Statement
Dysfunctions in prefrontal cortical interactions with subcortical brain regions, such as the amygdala, are emerging as important
players in neuropsychiatric disorders and pain. This study identifies a novel mechanism and rescue strategy for impaired medial
prefrontal cortical function in an animal model of arthritis pain. Specifically, an integrative approach of optogenetics, pharmacology, electrophysiology, and behavior is used to advance the novel concept that a breakdown of metabotropic glutamate receptor
subtype mGluR5 and endocannabinoid signaling in infralimbic pyramidal cells fails to control abnormal amygdala-driven synaptic inhibition in the arthritis pain model. Restoring endocannabinoid signaling allows mGluR5 activation to increase infralimbic output hence inhibit pain behaviors and mitigate pain-related cognitive deficits.

Introduction
The medial prefrontal cortex (mPFC) serves executive functions,
such as top-down cognitive control, and its infralimbic region
interacts closely with the amygdala to suppress (“extinguish”)
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with increased activity of infralimbic neurons (Milad and Quirk,
2002; Chang et al., 2010; Sepulveda-Orengo et al., 2013) through
a mechanism that involves metabotropic glutamate receptor 5
(mGluR5; Fontanez-Nuin et al., 2011; Sepulveda-Orengo et al.,
2013). Conversely, decreased infralimbic activity (Hefner et al.,
2008; Chang and Maren, 2010; Kim et al., 2010; Sierra-Mercado
et al., 2011; Wei et al., 2012) and inhibition or loss of infralimbic
mGluR5 function (Xu et al., 2009; Fontanez-Nuin et al., 2011;
Sepulveda-Orengo et al., 2013) have been linked to extinction
deficits. Increasing infralimbic activity by blocking GABAergic
inhibition rescued impaired extinction retrieval (Fitzgerald et al.,
2014). Therefore, intact mGluR5 function in the infralimbic cortex is required for certain cognitive control processes, and so we
hypothesized that it may also be important for pain control.
The present study addressed pain-related synaptic changes
and mGluR5-mediated signaling in the infralimbic cortex, because clinical and preclinical evidence suggests that pain impairs
mPFC-dependent cognitive functions, such as decision-making
(Apkarian et al., 2004; Pais-Vieira et al., 2009; Ji et al., 2010;
Moriarty et al., 2011). Work from our group (Ji et al., 2010; Ji and
Neugebauer, 2011, 2014) and others (Metz et al., 2009; Zhang et
al., 2015) showed mPFC dysfunction in models of inflammatory
and neuropathic pain. We detected decreased pyramidal cell activity in the prelimbic and infralimbic regions of the mPFC, using
extracellular single-unit recordings in anesthetized rats in a
model of arthritis pain (Ji et al., 2010; Ji and Neugebauer, 2014),
but synaptic and cellular mechanisms remain to be determined.
Two recent studies reported prelimbic deactivation in a neuropathic pain model (Wang et al., 2015; Zhang et al., 2015). A novel
rescue strategy to increase mPFC activity in an arthritis pain
model was tested in our recent in vivo study (Ji and Neugebauer,
2014). Pharmacologic activation of mGluR5 and cannabinoid
receptor CB1 produced the desired outcome on mPFC activity,
but the mechanistic basis and behavioral consequences of this
dual strategy remain to be determined. To the best of our knowledge, the present study is the first to show a breakdown of
mGluR5-endocannabinoid signaling in the mPFC and beneficial
effects of a rescue strategy on pain-related behaviors and cognitive functions.
mGluR5 belong to the group I family of G-protein coupled
glutamate receptors which can activate the phospholipase
C-diacylglycerol lipase ␣ (DAGL␣) pathway that leads to the formation of 2-arachidonoylglycerol (2-AG) endocannabinoids
(Guindon and Hohmann, 2009; Di Marzo, 2011). mGluR5 in the
mPFC is expressed mostly on postsynaptic elements (Muly et al.,
2003). Activation of mGluR5 normally has excitatory effects on
layer V pyramidal cells (Marek and Zhang, 2008; Fontanez-Nuin
et al., 2011; Kiritoshi et al., 2013). Postsynaptically produced endocannabinoids act retrogradely on presynaptic CB1 receptors to
inhibit excitatory or inhibitory synaptic transmission (Lovinger,
2008; Guindon and Hohmann, 2009; Kano et al., 2009; Di Marzo,
2011). In the mPFC, CB1 receptors are exclusively expressed in
GABAergic interneurons (Marsicano and Lutz, 1999; Wedzony
and Chocyk, 2009), axon terminals with CB1 receptors synapse
on mPFC pyramidal cells expressing mGluR5 and DAGL␣ (Lafourcade et al., 2007), and CB1 activation can inhibit synaptic
inhibition of pyramidal cells (Lin et al., 2008).
Therefore, we hypothesized that the 2-AG-CB1 system might
be a useful target to control abnormal synaptic inhibition in a
pain model and to restore mGluR5 function and mPFC output.
We analyzed synaptic and cellular interactions of mGluR5 and
endocannabinoid signaling using pharmacology, electrophysiology, optogenetics and behavior to show that mGluR5-driven en-

docannabinoid signaling at the basolateral amygdala (BLA)mPFC synapse is impaired in an arthritis pain model but can be
restored to remove abnormally enhanced feedforward inhibition,
increase pyramidal output, and mitigate cognitive deficits and
emotional pain responses.

Materials and Methods
Animals
Male Sprague-Dawley rats (120 –320 g; Harlan Laboratories.) were
housed in a temperature-controlled room under a 12 h light/dark cycle.
Water and food were available ad libitum. Animals for brain slice physiology experiments were 5 to 10 weeks old (120 –320 g); animals tested in
the behavioral experiments were 7 to 10 weeks old (200 –320 g). On the
day of the experiment, rats were transferred from the animal facility and
allowed to acclimate to the laboratory for at least 1 h. All experimental
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at TTUHSC and conform to the guidelines of the
International Association for the Study of Pain and of the National Institutes of Health (NIH).

Arthritis pain model
In some rats a mono-arthritis was induced in the left knee joint as described in detail previously (Neugebauer et al., 2007). A kaolin suspension (4%, 100 l) was injected slowly into the joint cavity followed by
repetitive flexions and extensions of the knee for 15 min. Next, a carrageenan solution (2%, 100 l) was injected into the knee joint cavity, and
the leg was flexed and extended for another 5 min. This treatment paradigm reliably leads to a localized inflammation confined to one knee joint
within 1–3 h, persists for weeks, and is significantly associated with pain
behaviors and activity changes in the peripheral and CNS (Neugebauer et
al., 2007). Electrophysiological and behavioral experiments were performed 5– 6 h after arthritis induction and data were compared with
those obtained from normal naive rats. Our previous works showed that
brain activity and behavior of normal rats was not different from rats that
received intraarticular saline injection (Neugebauer et al., 2003) or needle insertion (Grégoire and Neugebauer, 2013), and so we used normal
rats as a control group.

Electrophysiology
Brain slice preparation. Brain slices containing the mPFC (3.2–2.7 mm
anterior to bregma) were obtained from normal and arthritic rats as
described before (Kiritoshi et al., 2013; Kiritoshi and Neugebauer, 2015).
In some experiments, amygdala brain slices were used to verify the physiological effect of optogenetic activation of amygdala neurons expressing
a light-sensitive channel (see Synaptic transmission and optogenetics).
Brains were quickly removed and immersed in oxygenated ice-cold
sucrose-based physiological solution containing the following (in mM):
87 NaCl, 75 sucrose, 25 glucose, 5 KCl, 21 MgCl2, 0.5 CaCl2, and 1.25
NaH2PO4 (Kasanetz et al., 2013). Coronal brain slices (400 m) were
prepared using a Vibratome (Series 1000 Plus). The mPFC slices were
then incubated in oxygenated artificial CSF (ACSF) at room temperature
(21°C) for at least 1 h before patch recordings. ACSF contained the
following (in mM): 117 NaCl, 4.7 KCl, 1.2 NaH2PO4, 2.5 CaCl2, 1.2
MgCl2, 25 NaHCO3, and 11 glucose. A single brain slice was transferred
to the recording chamber and submerged in ACSF (31 ⫾ 1°C) superfusing the slice at ⬃2 ml/min. Only one or two brain slices per animal were
used. Only one neuron was recorded in each slice and a fresh slice was
used for each new experimental protocol. Numbers in the text refer to the
number of neurons tested for each parameter.
Patch-clamp recording. Whole-cell patch-clamp recordings were obtained from visually identified layer V pyramidal cells in the infralimbic
mPFC of the right hemisphere (⬃700 m lateral to the interhemispheric
fissure) using infrared DIC-IR videomicroscopy as described previously
(Kiritoshi et al., 2013; Kiritoshi and Neugebauer, 2015). The right infralimbic cortex was targeted because right-hemispheric lateralization of
pain-related plasticity has been reported for the amygdala (Carrasquillo
and Gereau, 2008; Ji and Neugebauer, 2009), and this study focused on
synaptic mechanisms of amygdala influences on the mPFC. To verify
direct neuronal activation by optogenetic activation of light-sensitive
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channels in BLA neurons recordings were made in amygdala brain slices
in control experiments (see synapitc transmission and optogenetic stimulation). Recording electrodes (3–5 M⍀ tip resistance) were made from
borosilicate glass and filled with intracellular solution containing the
following (in mM): 122 K-gluconate, 5 NaCl, 0.3 CaCl2, 2 MgCl2, 1
EGTA, 10 HEPES, 5 Na2-ATP, and 0.4 Na3-GTP; pH was adjusted to
7.2–7.3 with KOH and osmolarity to 280 mOsm/kg with sucrose. For the
recording of IPSCs, QX-314 (5 mM) was included in the internal solution.
For the analysis of depolarization-induced suppression of synaptic inhibition (DSI), IPSCs were recorded using a high chloride intracellular
solution (Kiritoshi et al., 2013) containing the following (in mM): 126
KCl, 10 NaCl, 1 MgCl2, 11 EGTA, 10 HEPES, 2 Mg-ATP, and 0.25 Na3GTP (pH was adjusted to 7.2–7.3 with KOH and osmolarity to 280
mOsm/kg with sucrose). Data acquisition and analysis was done using a
dual four-pole Bessel filter (Warner Instruments), low-noise Digidata
1322 interface (Axon Instruments, Molecular Devices), Axoclamp-2B
amplifier (Axon Instruments, Molecular Devices), Pentium PC, and
pClamp9 software (Axon Instruments). Headstage voltage was monitored continuously on an oscilloscope to ensure precise performance of
the amplifier. If series resistance (monitored with pClamp9 software)
changed ⬎10%, the neuron was discarded.
Synaptic transmission and optogenetics. Electrical and optogenetic
stimulations were used to evoke EPSCs, IPSCs, EPSPs, and action potentials (E–S coupling) in pyramidal cells. Neurons were voltage-clamped
at ⫺70 or 0 mV for the study of EPSCs and IPSCs, respectively. The
calculated equilibrium potential for chloride in this system was ⫺68.99
mV (Nernst equation, pClamp9 software).
For focal electrical synaptic stimulation (150 s square-wave pulses;
using an S88 stimulator; Grass Technologies) a concentric bipolar stimulating electrode (David Kopf Instruments) was positioned in layer IV
(500 m from the medial surface of the slice) of the infralimbic cortex
where our previous studies (Ji et al., 2010; Sun and Neugebauer, 2011;
Kiritoshi et al., 2013) identified anterogradely labeled afferents from the
BLA to the infralimbic and prelimbic regions of the mPFC following
stereotaxic injections of a fluorescent tracer (DiI) into the BLA.
For optogenetic stimulation, a viral vector encoding channel rhodopsin 2 (ChR2) under the control of the CaMKII promoter
(rAAV5/CaMKIIa-ChR2(H134R)-eYFP; courtesy of the Karl Deisseroth
Laboratory, packaged by the vector core facility at the University of
North Carolina, Chapel Hill) was injected stereotaxically into the right
BLA, using the following stereotaxic coordinates: 2.3 mm posterior to
bregma; 4.3 mm lateral to midline; depth, 7.0 mm. Animals were allowed
to recover 4 weeks for viral expression before brain slices were obtained
for electrophysiology (see Brain slice preparation). ChR2-expressing afferent fiber terminals from the BLA were activated optically in the mPFC
by laser light pulses (5 ms, 0.1 Hz) generated by a blue laser (473 nm;
Thorlabs) controlled by a Grass stimulator; they were delivered through
the 40⫻ objective of the microscope. Illumination area (0.24 mm 2) was
centered on the soma of the patched cell. Light power density was measured using an optical power meter (PM200, Thorlabs) placed under the
objective. In control experiments, light activation of BLA neurons expressing ChR2 caused an inward current as predicted (Fig. 1C).

Behavior
Spinal reflexes. Thresholds of hindlimb withdrawal reflexes evoked by
mechanical stimulation of the knee joint were measured as described
previously (Han et al., 2005; Ren et al., 2013; Medina et al., 2014). Mechanical stimuli of continuously increasing intensity were applied to the
knee using a calibrated forceps equipped with a force transducer. Withdrawal threshold was defined as the minimum stimulus intensity that
evoked a withdrawal reflex. Measurements were repeated two times at 5
min interval and the average was taken as the final value.
Vocalizations. Audible and ultrasonic vocalizations were recorded and
analyzed as described in detail previously (Han et al., 2005; Ren et al.,
2013; Medina et al., 2014). Animals were briefly anesthetized with isoflurane (2%) and placed in a custom-designed recording chamber with
openings for head and limbs. After habituation to the chamber, a calibrated forceps (see Spinal reflexes) was used to apply brief (15 s) mechanical stimuli of innocuous (300 g/30 mm 2) and noxious (2000 g/30 mm 2)
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intensities to the left knee joint. Audible (20 Hz to 16 kHz) and ultrasonic
(25 ⫾ 4 kHz) vocalizations were measured with a condenser microphone
and a bat detector, respectively, placed at a fixed distance from the head.
The sound detectors were connected to a filter and amplifier (UltraVox
four-channel system; Noldus Information Technology). Vocalizations
were recorded for 1 min, starting with the onset of the mechanical stimulus. Total durations of audible and ultrasonic vocalizations were analyzed using UltraVox 2.0 software (Noldus Information Technology).
Experiments were performed in a shielded temperature- and lightcontrolled room, and appropriate filtering levels were used to avoid the
recording of any background noise.
Gambling task. Decision making was measured in a rodent gambling
task (RGT) as described before (Ji et al., 2010; Sun and Neugebauer,
2011). The customized computerized system consisted of an octagonal
arena connected to a runway with an automated guillotine door. The
arena was partially divided by a Plexiglas panel, and each half of the arena
contained one lever to release chocolate-coated food pellets (Research
Diets) from an automated dispenser connected to a food cup. After a 5 s
waiting period in the closed runway, the rat entered the arena and was
given 20 s to explore the arena and choose and press one of two levers to
receive a food pellet. Then, the animal was hand-removed from the arena
and placed back in the runway for a new trial. When the animals had
learned the association between lever presses and food delivery, they were
subjected to the non-gambling phase (5 sessions; 1 per day), in which
each of the two levers provided one food pellet upon pressing in 9 of 10
trials. In this phase, animals were excluded from the experiment if they
showed preference for the lever on one side. The actual task (RGT) consisted of a single session of 90 consecutive trials, in which one lever
continued to deliver in randomized order one pellet in 9 of 10 trials
(low-risk lever), whereas the other lever was altered to return three pellets
in only 3 of 10 trials (high-risk lever). The side of the high-risk lever
remained the same throughout the 90 consecutive trials but was changed
randomly between different animals to avoid any lateralization bias
in the test environment. Preference index was calculated for each of
10 consecutive trials using the following formula: [(low-risk lever
choices) ⫺ (high-risk lever choices)]/number of completed trials. Final
preference index for the last 10 consecutive trials in a session was used for
statistical analysis.

Drugs
The following drugs were used: mGluR5-positive allosteric
modulator N-cyclobutyl-6-((3-fluorophenyl)ethynyl)nicotinamide
hydrochloride (VU0360172, VU’172); CB1 receptor agonist N(2-chloroethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide (ACEA); CB1
receptor antagonist N-( piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251);
DAGL inhibitor N-formyl-L-leucine (1S)-1-[[(2S,3S)-3-hexyl-4oxo-2-oxetanyl]methyl]dodecyl ester (tetrahydrolipstatin; THL);
ABHD6 inhibitor N-methyl-N-[[3-(4-pyridinyl)phenyl]methyl]-4⬘(aminocarbonyl)[1,1⬘-biphenyl]-4-yl carbamic acid ester (WWL70);
MAGL inhibitor 4-[bis(1,3-benzodioxol-5-yl)hydroxymethyl]-1piperidinecarboxylic acid 4-nitrophenyl ester (JZL184); TRPV1
receptor antagonist (2E)-N-(2,3-dihydro-1,4-benzodioxin-6-yl)-3[4-(1,1-dimethylethyl)phenyl]-2-propenamide (AMG9810); NMDA
receptor antagonist DL-2-amino-5-phosphonopentanoic acid (AP5);
non-NMDA receptor antagonists 6-cyano-7-nitroquinoxaline-2,
3-dione disodium salt (CNQX), and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX); GABAA
receptor antagonists bicuculline and picrotoxin; sodium channel blocker
tetrodotoxin citrate (TTX); potassium channel blocker 4-aminopyridine
(4-AP). THL was purchased from Sigma-Aldrich; all other drugs were
purchased from Tocris Bioscience (R&D Systems). Selectivity and target
concentrations have been established in the literature for VU’172 (Rodriguez et al., 2010), ACEA (Hillard et al., 1999), AM251 (Pertwee, 2010),
THL (Bisogno et al., 2006; Zhang et al., 2011), WWL70 (Li et al., 2007;
Marrs et al., 2010), JZL184 (Long et al., 2009; Marrs et al., 2010), and
AMG9810 (Gavva et al., 2005). Drugs were prepared as stock solutions
and diluted (1;1000) to their final concentration in ACSF on the day of
the experiment. ACEA, a synthetic analog of anandamide, was supplied
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Figure 1. Optogenetic activation of BLA inputs to infralimbic mPFC pyramidal cells in brain slices from normal rats. A–C, Amygdala. A, Schematic representation of viral injection site into the BLA.
B, Viral vector-mediated ChR2-eYFP expression in the BLA (green, ChR2-eYFP; blue, DAPI). Scale bar, 500 m. C, ChR2-mediated current in a BLA pyramidal neuron evoked by a 1 s blue laser light
pulse in an amygdala brain slice. D–F, mPFC. D, Schematic representation of recording and stimulation sites in an mPFC slice. E, ChR2-eYFP-expressing BLA fibers in an mPFC slice in experiments
using optogenetic synaptic stimulation (green, ChR2-eYFP; blue, DAPI). Scale bar, 500 m. F, Anterogradely labeled amygdala projections in the mPFC by DiI injection into the BLA for experiments
using electrical synaptic stimulation. Scale bar, 1 mm. G, Hypothesized synaptic circuitry of BLA-driven monosynaptic excitatory and feedforward inhibitory inputs to mPFC neurons tested with
optogenetic strategies. H–L, Synaptic responses of mPFC neurons generated by optogenetic activation of BLA axon terminals. H, Traces show individual examples (Figure legend continues.)

Kiritoshi et al. • mGluR5-CB1 Signaling in Medial Prefrontal Cortex

predissolved in anhydrous ethanol. AP5, CNQX, NBQX, bicuculline,
TTX, and 4-AP were dissolved in water. VU’172, THL, WWL70, JZL184,
and picrotoxin were dissolved in dimethyl sulfoxide. AM251 and
AMG9810 were dissolved in ethanol.

Drug application
Brain slices. Drugs were applied by gravity-driven superfusion of the
brain slice in ACSF (⬃2 ml/min). Solution flow into the recording chamber (1 ml volume) was controlled with a three-way stopcock. Drugs were
applied for at least 15 min to establish equilibrium in the tissue. ACSF
served as vehicle control in all experiments.
Drug application by microdialysis. As described in detail previously (Ji
et al., 2010; Sun and Neugebauer, 2011), a guide cannula was implanted
stereotaxically the day before behavioral measurements with a stereotaxic apparatus (David Kopf Instruments). The animal was anesthetized
with pentobarbital sodium (Nembutal, 50 mg/kg, i.p.), and the guide
cannula was implanted on the dorsal margin of the right infralimbic
mPFC, using the following coordinates (Paxinos and Watson, 1998): 3.2
mm rostral to bregma, 0.7 mm lateral to midline, depth 4.2 mm. The
rationale for targeting the right infralimbic cortex is provided in Electrophysiology. For off-site control injections into the anterior cingulate
cortex, the following coordinates were used for implanting the guide
cannula: 1.6 mm rostral to bregma, 0.6 mm lateral to midline, depth
2.2–2.5 mm. The cannula was fixed to the skull with dental acrylic. Antibiotic ointment was applied to the exposed tissue to prevent infection.
On the day of the experiment, a microdialysis probe (CMA/7) was inserted through the guide cannula so that the probe protruded by 1 mm.
The probe was connected to an infusion pump (Harvard Apparatus) and
perfused with ACSF (oxygenated and equilibrated to pH 7.4) for at least
1 h to establish equilibrium in the tissue. Drugs were dissolved in ACSF
on the day of the experiment and applied by microdialysis at a rate of 5
l/min for at least 20 min to establish equilibrium in the tissue.

Histology
The sites of the viral vector injection into the BLA (optogenetic experiments) and the position of microdialysis probes in the infralimbic mPFC
(behavioral experiments) were verified histologically. The brains were
fixed in 4% paraformaldehyde for 6 –12 h and switched to 30% sucrose.
Fifty micrometer sections were made on a freezing microtome and
mounted on gelatin-coated slides. For the verification of ChR2-eYFP
expression, sections were treated as described previously (Ji and Neugebauer, 2012) and mounted on slides using Vectashield mounting medium with DAPI (Vector Laboratories). Fluorescence images were
acquired with a Nikon confocal microscope. For the verification of the
position of the microdialysis probes, sections were stained with hematoxylin and eosin.

Statistical analysis

All averaged values are given as the mean ⫾ SE. Statistical significance
was accepted at the level p ⬍ 0.05. GraphPad Prism 3.0 software was used
for all statistical analyses. Statistical analysis was performed on the raw
4
(Figure legend continued.) of monosynaptic EPSCs (recorded at ⫺70 mV) and polysynaptic
IPSCs (at 0 mV) generated in an infralimbic layer V pyramidal cell by light activation (blue
symbols) of ChR2-expressing BLA pyramidal cell axons. I, Enlarged view of the boxed area in H
shows differences in latencies. J, Summary of onset latencies and jitter of light-evoked EPSC and
IPSC. Each symbol shows one neuron. Bar histograms show mean ⫾ SE (n ⫽ 11 neurons); *p ⬍
0.05, **p ⬍ 0.01, compared with EPSCs, paired t test. K, L, Individual examples and summary of
data showing synaptic nature of the optical-evoked responses. TTX (1 M) abolished lightevoked EPSC and IPSC. 4-AP (1 mM) partially rescued EPSC but not IPSC. EPSC was blocked by AP5
(50 M) and CNQX (20 M). Summary of the effect of TTX, TTX ⫹ 4-AP, and TTX ⫹ 4-AP ⫹ AP5
⫹ CNQX on light-evoked EPSC and IPSC in the same neurons (n ⫽ 5). *p ⬍ 0.05, repeatedmeasures ANOVA with Bonferroni posttests. M, N, Comparison of synaptic responses evoked by
focal electrical (M) and optical (N) activation. Both techniques generated monosynaptic EPSCs
that were blocked by AP5 (50 M) and CNQX (20 M) and glutamate-driven IPSCs that were
blocked by NBQX (10 M) or bicuculline (10 M). Light intensity in the optogenetic experiments
was set to evoke synaptic responses of submaximal amplitude (0.11– 0.65 mW at brain slice;
power density of 0.46 –2.7 mW/mm 2).
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data. Student’s t test was used to compare two sets of data that had
Gaussian distribution and similar variances. For multiple comparisons,
ANOVA (repeated measures where appropriate) was used with Bonferroni post-tests as indicated in the text and figure legends.

Results
This study focusses on synaptic physiology and pharmacology in
the infralimbic region (area 25) of the mPFC in rats. Although
prefrontal cortical nomenclature is somewhat controversial
and “infralimbic” is not a term used for primate research (for
discussion, see Vogt and Paxinos, 2014), reference to “infralimbic
mPFC” is well established in the rodent literature on fear extinction centered on interactions between mPFC and amygdala
(Amir et al., 2011; Sierra-Mercado et al., 2011; Do-Monte et al.,
2015). This nomenclature has also been applied to pain-related
studies of mPFC function (Wang et al., 2015; Zhang et al., 2015)
The present study and previous work are closely aligned with this
body of literature and so we will use the term “infralimbic mPFC”
that can be easily identified in rodent brain slice (Fig. 1).
Excitatory and inhibitory amygdala inputs to
infralimbic cortex
The goal of this study was to determine pain-related synaptic
changes in the infralimbic cortex and their modulation by mGluR5endocannabinoid signaling to control pain-related behaviors and
rescue cognitive functions. To do so we first measured excitatory and
inhibitory synaptic transmission onto infralimbic pyramidal cells
using electrical and optogenetic stimulations of fibers from the BLA.
Our previous work suggested that enhanced activity in the amygdala
leads to deactivation of prelimbic cortical pyramidal cells based on
pharmacological data and electrical stimulation of anterogradely
(from BLA) labeled fiber tracts (Ji et al., 2010). We also observed
decreased activity (extracellularly recorded action potentials) in the
infralimbic region (Ji and Neugebauer, 2014). We postulated that
BLA pyramidal cells project directly to prelimbic and infralimbic
pyramidal cells providing monosynaptic excitatory inputs but also
target mPFC interneurons to generate feedforward inhibition of
mPFC pyramidal cells (Ji et al., 2010; Kiritoshi et al., 2013). However,
this hypothesis (Fig. 1G) remains to be tested directly, and only the
availability of optogenetic tools now allows us to do so. Determining
the identity of synaptic inputs is critical for the better understanding
of disease mechanisms and drug actions in defined brain circuits.
First we established that selective optogenetic activation of
axons from amygdala (BLA) projection neurons can reproduce
the results we had found with electrical stimulation of fiber tracts
containing anterogradely labeled BLA axons (Ji et al., 2010; Kiritoshi et al., 2013). Figure 1 shows that BLA inputs provide simultaneously direct monosynaptic excitation and glutamate-driven
feedforward inhibition of infralimbic pyramidal cells. Lightsensitive ion channels (ChR2) were expressed in BLA neurons
(Fig. 1B), following stereotaxic injection of a viral vector encoding ChR2 and yellow fluorescent protein (YFP) under the control
of the CaMKII promoter (rAAV5/CaMKIIa-ChR2(H134R)eYFP) into the BLA (Fig. 1A) as described before for the mPFC (Ji
and Neugebauer, 2012). As a functional control, light activation
(see Materials and Methods) through the microscope objective
produced a ChR2-mediated inward current in BLA neurons
recorded in amygdala brain slices (see individual example in
Fig. 1C).
Light activation of ChR2-expressing BLA axon terminals in
brain slices containing the mPFC (Fig. 1 D, E) generated monosynaptic EPSCs and polysynaptic IPSCs in visually identified infralimbic layer V pyramidal cells (Fig. 1H–J ). Compared with
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EPSCs, IPSCs occurred with significantly
longer (Fig. 1J, top) and more variable
(“jitter”; Fig. 1J, bottom) latencies (n ⫽ 11
neurons, p ⬍ 0.01 and 0.05, respectively;
paired t tests). Light-activated responses
were synaptically evoked, because they
were blocked by the sodium channel
blocker TTX (1 M); subsequent addition
of a potassium channel blocker (4-AP, 1
mM) partially rescued the EPSC but not
IPSC, and the EPSC was blocked by glutamate receptor antagonists AP5 (50 M)
and CNQX (20 M). Figure 1K shows an
individual example and Figure 1L summarizes the data (n ⫽ 5 neurons; p ⬍ 0.05;
F(1,8) ⫽ 1.98, repeated-measures ANOVA
with Bonferroni posttests). Focal electrical stimulation (Fig. 1M ) of fibers identified by anterograde labeling from the BLA
(Fig. 1F ) and light activation of ChR2expressing BLA axons (Fig. 1N ) evoked
monosynaptic EPSCs that were blocked
with AP5 and NBQX and glutamate
receptor-driven IPSCs that were blocked
by NBQX or bicuculline. Light intensity
was set to evoke EPSCs and IPSCs of submaximal amplitude (9 –50 mW at laser
source, which translated into 0.11– 0.65
mW at slice and power density of 0.46 –2.7
mW/mm 2). Importantly, there was no
temperature change by the laser light
measured in the recording chamber with
maximum laser power (50 mW at laser
source; 2.7 mW/mm 2 under the objective). These experiments were done in
brain slices from normal animals.
Loss and rescue of endocannabinoidFigure 2. Impaired CB1 receptor-mediated facilitatory effects of mGluR5 in the arthritis pain model. Synaptically evoked
dependent mGluR5 facilitation in an
spiking (E–S coupling) in infralimbic pyramidal cells using electrical (A–C) and optical (D–F) stimulations of BLA afferents (see
arthritis pain model
Next we studied the synaptic integration Materials and Methods). Stimulation intensity was set to evoke three to four spikes in a series of 10 consecutive trials. Voltage traces
of excitatory and inhibitory inputs onto show individual examples recorded in current-clamp mode at ⫺60 mV. Scale bars, 50 mV, 5 ms. Bar histograms show number of
spikes (mean ⫾ SEM) evoked in a series of 10 trials before and during application of VU’172 (1 M). A, In brain slices from normal
infralimbic pyramidal cells in brain rats, VU’172 (1 M) alone increased spiking probability significantly (n ⫽ 5 neurons). B, In brain slices from normal rats VU’172 (1
slices from normal and arthritic rats (5 h M) alone had no effect when THL (10 M) was included in the patch-pipette (n ⫽ 6 neurons). C, In brain slices from arthritic rats
postinduction) by measuring synaptically (5 h postinduction) VU’172 (1 M) alone had no effect (n ⫽ 6 neurons). D, In brain slices from normal rats, VU’172 (1 M) alone
evoked spiking (E–S coupling) in current- increased spiking evoked by optical stimulation (blue laser light) of BLA afferents (n ⫽ 6 neurons). E, Coapplication of a CB1
clamp mode. The goal was to determine receptor antagonist (AM251, 10 M) blocked the effect of VU’172 (n ⫽ 5 neurons) in brain slices from normal rats. F, In brain slices
the role of mGluR5-endocannabinoid sig- from arthritic rats (5 h postinduction) VU’172 (1 M) alone had no effect (n ⫽ 5 neurons). *p ⬍ 0.05 compared with predrug,
naling under normal conditions and in a paired t test.
pain model. Effects of electrical (Fig.
tests). The facilitatory effect of mGluR5 activation was blocked by
2A–C) and optogenetic (Fig. 2D–F ) stimulations were compared.
intracellular application of a DAGL inhibitor (THL, 10 M; n ⫽ 6;
Stimulation intensity was set to evoke three to four spikes in a
Fig. 2B) or by bath application of a CB1 receptor antagonist (AM251,
series of 10 stimulations to allow the detection of any facilitatory
10 M; n ⫽ 5; Fig. 2E), suggesting that intact endocannabinoid-CB1
effects. Measurements were made every 5 min before and during
signaling is required. Importantly, mGluR5 activation had no effect
drug application. The focus was on mGluR5 because of its
in brain slices from arthritic rats (5 h postinduction; electrical stimimportant role in cognitive control processes that involve
ulation, n ⫽ 6 neurons; Fig. 2C; optical activation, n ⫽ 5; Fig. 2F).
amygdala-mPFC interactions such as fear extinction mGluR5
The data suggest that modulation of infralimbic mPFC
function (Xu et al., 2009; Fontanez-Nuin et al., 2011; Sepulvedaoutput (synaptically evoked spiking) by mGluR5 requires
Orengo et al., 2013).
endocannbinoid-CB1 receptor signaling and is impaired in an
A positive allosteric modulator for mGluR5 (VU’172, 1 M)
arthritis pain model. Therefore, we tested the hypothesis that
increased probability of spiking evoked by electrical stimulation
mGluR function can be rescued by increasing the availability of
(n ⫽ 5 neurons; Fig. 2A) or optical activation of BLA inputs (n ⫽ 6;
Fig. 2D) significantly (p ⬍ 0.05 compared with predrug; paired t
endocannabinoids and/or by CB1 receptor activation in brain

Kiritoshi et al. • mGluR5-CB1 Signaling in Medial Prefrontal Cortex

J. Neurosci., January 20, 2016 • 36(3):837– 850 • 843

inhibition in the pain model would impair the ability of mGluR5 to drive infralimbic pyramidal cell output. As a starting
point, and in support of our hypothesis,
intracellular application of a GABAA receptor antagonist (picrotoxin, 50 M) restored the effect of VU’172 in infralimbic
pyramidal cells significantly (n ⫽ 5 neurons; p ⬍ 0.05 compared with predrug;
paired t test; Fig. 3D).
Analysis of inhibitory synaptic transmission onto infralimbic pyramidal cells
showed for the first time significantly increased IPSCs in brain slices from arthritic
rats (n ⫽ 34 neurons) compared with normal controls (n ⫽ 23 neurons; p ⬍ 0.001;
F(1,605) ⫽ 40.84, two-way ANOVA; Fig. 4A).
IPCSs were blocked by bicuculline or
NBQX as shown in Figure 1M and N, which
is generally accepted as evidence for the concept of glutamate-driven feedforward inhibition. Activation of CB1 receptors with
ACEA (10 nM) decreased synaptic inhibition concentration-dependently under normal conditions (n ⫽ 4 – 8 neurons) but had
no significant effect in the arthritis pain
model (n ⫽ 3– 8 neurons; Fig. 4B). The difference was significant (p ⬍ 0.001; F(1,39) ⫽
16.33, two-way ANOVA), and was observed
with electrical stimulation and with optical
activation of afferent fibers from the BLA,
Figure 3. Activation of endocannabinoid-CB1 receptor signaling restores impaired facilitatory effects of mGluR5 in the arthritis
and so the data were pooled for the
pain model. Synaptically evoked spiking (E–S coupling) was measured in infralimbic pyramidal cells in brain slices from arthritic
concentration-response analysis (Fig. 4B).
rats (same display as in Fig. 2). A, Coapplication of a CB1 receptor agonist (ACEA, 10 nM) restored the facilitatory effect of VU’172 (1
Because the combination of VU’172
M). Results obtained with electrical or optical stimulation (see individual examples) were not different, and so the data were
pooled (bar histograms; n ⫽ 14 neurons). B, Including an inhibitor of postsynaptic 2-AG hydrolyzing enzyme ABHD6 (WWL70, 10 and ACEA increased synaptically evoked
M) in the patch pipette restored the facilitatory effect of VU’172 (n ⫽ 6 neurons). C, An inhibitor of monoacylglycerol lipase MGL spiking (Fig. 3) and our previous study
(JZL184, 1 M) restored the effect of VU’172 (n ⫽ 7 neurons). Slices were preincubated with JZL184 (1 M) for 30 min, and showed that VU’172 can inhibit inhibirecordings were performed in the continued presence of the inhibitor. D, Including a GABAA receptor antagonist (picrotoxin, 50 tory transmission in the infralimbic corM) in the patch-pipette also restored the effect of VU’172 (n ⫽ 5 neurons). *p ⬍ 0.05, **p ⬍ 0.01 compared with predrug; tex under normal conditions through a
paired t tests.
CB1 receptor-dependent mechanism
(Kiritoshi et al., 2013), we tested the effect
slices from arthritic rats (5 h postinduction). A CB1 receptor
of ACEA combined with VU’172 on inhibitory transmission in
agonist (ACEA, 10 nM) restored the facilitatory effect of VU’172
the arthritis model (Fig. 4C). These studies were done using op(1 M) on synaptically evoked spiking (n ⫽ 14 neurons; p ⬍ 0.01,
tical activation of BLA axon terminals in the infralimbic cortex in
slices from arthritic rats. Coapplication of ACEA (10 nM) and
paired t test; Fig. 3A) using electrical or optical stimulation (see
individual examples). Intracellular application of an inhibitor of
VU’172 (1 M) decreased IPSCs in infralimbic pyramidal cells
significantly ( p ⬍ 0.05; F(1,12) ⫽ 56.23; repeated-measures
postsynaptic 2-AG hydrolyzing enzyme ABHD6 (WWL70, 10
M; n ⫽ 6 neurons) or perfusion of the brain slice with an inhibANOVA with Bonferroni post-tests) whereas ACEA alone had no
itor of monoacylglycerol lipase MGL (JZL184, 1 M; n ⫽ 7 neusignificant effect (Fig. 4B, see data). Importantly, the inhibitory
rons) restored the facilitatory effects of VU’172 ( p ⬍ 0.05
effect of VU’172 combined with ACEA was not mediated through
compared with predrug; paired t tests). The data support our
TRPV1 receptors, which have been implicated in some actions of
hypothesis that endocannabinoids, particularly 2-AG, activating
endocannabinoids, because a TRPV1 receptor antagonist
CB1 receptors can restore the facilitatory effect of mGluR5. Next,
(AMG9810, 10 M) did not block the inhibitory effect of the
combination (n ⫽ 5 neurons; same neurons were tested with
we addressed potential mechanisms.
ACEA alone, ACEA and VU’172, and addition of AMG9810;
Fig. 4C).
Restoring control of increased synaptic inhibition in an
The data so far suggest that effects of mGluR5 and CB1 actiarthritis pain model
vation are lost in an arthritis pain model but can be restored by a
Our previous work showed increased feedforward inhibition of
combination strategy that makes endocannabinoids available to
prelimbic pyramidal cells in the arthritis pain model (Ji et al.,
2010), which has been confirmed in a neuropathic pain model
mGluR5 and directly activates CB1; the underlying mechanism
(Zhang et al., 2015), but this remains to be determined for the
involves restoring the ability of mGluR5-CB1 interactions to
infralimbic cortex (Fig. 4). Here we tested the hypothesis that
control increased BLA-driven synaptic inhibition of infralimbic
failure of 2-AG-CB1 receptors to control abnormal feedforward
pyramidal cells. A more direct way to assess endocannabinoid
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Figure 4. Coactivation of CB1 and mGluR5 inhibits enhanced inhibitory synaptic transmission in the arthritis pain model. A, Input-output functions of IPSCs recorded in slices from arthritic rats
(n ⫽ 34 neurons) were significantly different (F(1,605) ⫽ 40.84, p ⬍ 0.0001, main effect of arthritis, two-way ANOVA) from normal controls (n ⫽ 23 neurons). IPCSs could be blocked with bicuculline
or NBQX (data not shown). *,**,***p ⬍ 0.05– 0.001, compared with normal (Bonferroni posttests). B, ACEA (10 nM) decreased IPSCs evoked by electrical or optical stimulation under normal
condition but had no significant effect in the arthritis pain model. Concentration-response curves for ACEA under normal conditions (n ⫽ 4 – 8 neurons) and in the arthritis pain model (n ⫽ 3– 8
neurons) were significantly different ( p ⬍ 0.001; F(1,39) ⫽ 16.33, two-way ANOVA). C, Application of ACEA (10 nM) alone had no effect but addition of VU’172 (1 M) decreased IPSCs in the pain
model. The inhibitory effect of the combination persisted in the presence of a TRPV1 receptor antagonist AMG9810 (10 M, n ⫽ 5 neurons; same neurons were tested with ACEA alone, ACEA and
VU’172, and addition of AMG9810). *p ⬍ 0.05, F(1,12) ⫽ 56.23, repeated-measures ANOVA with Bonferroni posttests compared with predrug. A–C, Current traces show IPSCs (average of 8 –10)
evoked with electrical stimulation of 0.6 and 0.8 mA (A, B) and with optical activation of BLA terminals with 40 mW (at laser source; power density, 2.17 mW/mm 2).

function and control of synaptic inhibition is the analysis of DSI
(Kano et al., 2009). DSI involves postsynaptic calcium influx following depolarization, activation of specific 2-AG synthesizing
(ie, DAGL␣) enzymes, synthesis and release of 2-AG, and retrograde activation of CB1 receptors on the presynaptic terminal to
inhibit transmitter release (Lovinger, 2008; Kano et al., 2009; Di
Marzo, 2011; Rivera et al., 2014).
In agreement with our previous studies (Kiritoshi et al., 2013)
DSI could be demonstrated in infralimbic pyramidal cells in
brain slices from normal animals. A brief (4 s) depolarization

decreased IPSCs recorded at ⫺70 mV with a high chloride internal solution in brain slices from normal animals (n ⫽ 5 neurons;
Fig. 5 A, E). VU’172 (1 M) prolonged the duration of DSI in (n ⫽
5 neurons). For the recording of DSI, the stimulation electrode
was placed close to the recording pipette (450 – 650 m from the
recording pipette) to evoke monosynaptic IPSC in the presence
of AP5 and CNQX. In brain slices from arthritic rats, DSI was not
detected (Fig. 5B–E). Application of VU’172 (1 M, n ⫽ 5 neurons; Fig. 5B) or ACEA (10 nM, n ⫽ 6 neurons; Fig. 5C) alone
partially rescued DSI in the arthritis pain model. Coapplication of
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Beneficial effects of mGluR5 and CB1
coactivation on arthritis pain-related
behaviors
Audible and ultrasonic vocalizations evoked by compression of the knee with
different intensities were measured before and during stereotaxic application of
VU’172 (100 M, concentration in microdialysis probe) and ACEA (10 M) or
ACSF (vehicle control) into the infralimbic mPFC by microdialysis for 20 min
(Fig. 6). The combined application of
VU’172 and ACEA, which increased pyramidal cell output (Fig. 3), inhibited spinal
withdrawal reflexes (Fig. 6A) and audible
and ultrasonic vocalizations (Fig. 6 B, C)
that were increased in the arthritis pain
model (5– 6 h postinduction). Vocalizations were evoked by brief (15 s) mechanical compression of the knee joint. Drug
effects were significant (n ⫽ 6 rats, p ⬍
0.05; Bonferroni post-tests). Importantly, stereotaxic injections of VU’172
and ACEA into the anterior cingulate
cortex (ACC; area 24b) had no significant effect on hindlimb withdrawal
thresholds and vocalizations of arthritic
rats (n ⫽ 6 for each test; p ⬎ 0.05, paired
t tests; Fig. 7).
Our previous studies showed that
amygdala hyperactivity (Ji et al., 2010)
or mPFC deactivation (Sun and Neugebauer, 2011) impaired reward-based
decision-making in a rodent gambling
task model. Results from the present study
confirm that arthritic rats (n ⫽ 8; 5– 6 h
postinduction) fail to switch strategies
and persist in preferring the “high-risk”
lever that provides three chocolate-coated
food pellets in only 3 of 10 trials in a series
of 90 consecutive trials, reflected in a negative preference index (Fig. 6D). In contrast, normal animals (n ⫽ 6 rats) switch
from preferring the high-risk lever initially to preferring the low-risk lever that
provides one food reward consistently in 9
Figure 5. Coactivation of CB1 and mGluR5 restores DSI in the arthritis pain model. IPSCs were recorded at ⫺70 mV with a high of 10 trials. In these animals, ACSF was
chloride internal solution. Brief (4 s) depolarization of pyramidal cells decreased IPSCs (⫽DSI). A–D, Current traces show IPSCs administered as vehicle control. Stereo(average of 8 –10) before (a) and 1–3 s (b), and 60 s after depolarization (c). Graphs show IPSC amplitudes normalized to pre-DSI taxic coapplication of VU’172 (100 M,
control values averaged for the sample of neurons (mean ⫾ SE). A, VU’172 (1 M) prolonged the duration of DSI in slices from concentration in microdialysis probe)
normal rats (n ⫽ 5 neurons). B–D, DSI could not be induced in arthritis. Application of VU’172 (B; n ⫽ 5 neurons) or ACEA (C, 10 and ACEA (10 M) into the infralimbic
nM, n ⫽ 6 neurons) alone partially rescued DSI in the arthritis pain model. D, Coapplication of VU’172 with ACEA fully restored DSI mPFC had no effect in normal rats (n ⫽ 5
in arthritis (n ⫽ 6 neurons). E, Bar histogram summarizes the data shown in A–D. Magnitude of DSI at 1 s after depolarization is rats) but restored decision making in arshown as IPSC amplitude normalized to pre-DSI values. *p ⬍ 0.05, one-way ANOVA with Bonferroni post-tests.
thritic rats (n ⫽ 5) so that they were able to
switch strategies like normal rats. For statistical analysis, the final preference index
VU’172 with ACEA fully restored DSI in slices from arthritic rats
was calculated (average of final 10 trials of each session). Differ(n ⫽ 6 neurons; Fig. 5 D, E).
ences were significant (F(3,20) ⫽ 15.15 ANOVA) for arthritic rats
Together the results suggest that CB1-mediated control of
compared with normal rats ( p ⬍ 0.001 Bonferroni posttests) and
synaptic inhibition is impaired in the arthritis pain model but can
for the effect of VU’172 plus ACEA in arthritic rats compared
be restored by increasing mGluR5-2-AG signaling. Next, we evalwith ACSF control in arthritic rats ( p ⬍ 0.001).
uated behavioral consequences of the rescue strategy of comThe data suggest that pharmacological activation of infralimbined mGluR5 and CB1 activation in the infralimbic mPFC.
bic output with a combination of mGluR5 and CB1 activators
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Figure 6. Coactivation of CB1 and mGluR5 in infralimbic mPFC inhibits pain-related behaviors. VU’172 (100 M) and ACEA (10 M) or ACSF (vehicle control) were applied stereotaxically into the
infralimbic mPFC by microdialysis for 20 min. Note that numbers refer to concentration in the microdialysis probe. Tissue concentrations are estimated to be 100 times lower (see Materials and
Methods). A, Mechanical thresholds for hindlimb withdrawal reflexes were measured by compressing the knee joint with a calibrated forceps (n ⫽ 6 rats). ***p ⬍ 0.001, compared with normal;
#p ⬍ 0.05, compared with predrug in arthritis (Bonferroni posttests). B, C, Duration of audible and ultrasonic vocalizations evoked by compression of the knee with a calibrated forceps for 15 s (n ⫽
6 rats). **p ⬍ 0.01, ***p ⬍ 0.001, compared with normal; #p ⬍ 0.05, compared with predrug in arthritis (Bonferroni posttests). D, Results of rodent gambling task (see Materials and Methods).
Preference index for “high-risk” (3 food pellets in 3/10 trials) or “low-risk” (1 food pellet in 9/10 trials) choices of levers providing food rewards was calculated and averaged for every 10 consecutive
trials (session of 90 trials; see Materials and Methods). Negative preference indicates high-risk decision making. Normal rats (n ⫽ 6 rats) changed their strategy to prefer low-risk lever, but arthritic
rats (n ⫽ 8 rats) did not. Intra-mPFC administration of VU’172 and ACEA had no effect in normal rats (n ⫽ 5 rats) but restored decision making (ability to switch preference) in arthritic rats (n ⫽
5 rats). E, Final preference index was calculated for the last 10 trials of each session for statistical analysis. ns, p ⬎ 0.05 compared with normal vehicle, ***p ⬍ 0.001, compared with normal vehicle,
###p ⬍ 0.001 compared with arthritis vehicle (Bonferroni posttests). F, Histologic verification of drug application sites. Diagrams show coronal brain slices. Numbers indicate distance from the
bregma. Symbols show the positions of the microdialysis probes in the mPFC of normal (E; n ⫽ 17) and arthritic animals (●; n ⫽ 19).

inhibits pain-related behaviors and restores decision making in
the arthritis pain model.

Discussion
Using patch-clamp slice physiology, pharmacology, optogenetics, and behavior this study advances the novel concept that
mGluR5 fails to engage endocannabinoid (2-AG) signaling to
overcome abnormal synaptic inhibition of the infralimbic mPFC
pyramidal cells in an arthritis pain model; restoring endocannabinoid signaling allows mGluR5 to increase mPFC output
hence inhibit pain behaviors and mitigate cognitive deficits. We
report several conceptually and technologically innovative findings on pain-related cortical dysfunction and rescue strategies.
To the best of our knowledge, this is the first demonstration of
direct excitatory and feedforward synaptic inputs from the BLA

to infralimbic mPFC using an optogenetic approach. Our previous
studies used electrical stimulation of fibers labeled with a fluorescent
tracer injected into the BLA (Ji et al., 2010; Sun and Neugebauer,
2011; Kiritoshi et al., 2013), but activation of additional fibers from
cortical and extracortical sources could not be excluded entirely.
Here we show that optical activation of light-sensitive channels
(ChR2) expressed in BLA pyramidal cells using the CaMKII promotor reproduces our results with electrical stimulation. This is not
trivial because it is important to understand the source of information to the cortex and the site(s) of drug actions. This study shows
that it is indeed input from the BLA that undergoes maladaptive
changes in the arthritis pain model.
The results provide several novel insights into pain-related
changes and function of the infralimbic mPFC (use of this no-
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al., 2007). mGluR5 can couple to 2-AG
synthesis (Katona and Freund, 2008; Di
Marzo, 2011) and to retrograde endocannabinoid signaling involving presynaptic
CB1 receptors to depress inhibitory transmission (Freund et al., 2003; Lovinger,
2008; Kano et al., 2009). Our data show
that this is the case in infralimbic pyramidal cells because the facilitatory effects of
mGluR5 can be blocked with an inhibitor
of 2-AG synthesis or a CB1 receptor antagonist (Fig. 2), suggesting an important
interaction of mGluR5 and CB1 activation in the regulation of pyramidal cell
output measured as BLA-driven synaptically evoked spiking. However, this interaction fails in the pain model where the
facilitatory effects of a selective mGluR5
activator (VU’172; Rodriguez et al., 2010)
on pyramidal output are lost and so is the
ability of a selective CB1 agonist (ACEA;
Hillard et al., 1999) to control synaptic
inhibition.
The following results support the conclusion that impaired mGluR5-2-AG signaling fails to control synaptic inhibition,
resulting in decreased pyramidal output. In
the arthritis pain model, activation of
mGluR5 failed to increase evoked spiking,
but the facilitatory effect was restored by inFigure 7. Coactivation of CB1 and mGluR5 in anterior cingulate cortex has no effect on pain-related behaviors. VU’172 (100 M) creasing the availability of endocannabiand ACEA (10 M) or ACSF (vehicle control) were applied stereotaxically into the ACC (area 24b) by microdialysis for 20 min (Fig. 6; noids in the postsynaptic pyramidal cell
see Materials and Methods). A, Mechanical thresholds for hindlimb withdrawal reflexes evoked by compressing the knee joint with with an inhibitor of postsynaptic 2-AG hya calibrated forceps (n ⫽ 6 rats). B, C, Duration of audible and ultrasonic vocalizations evoked by compression of the knee with a drolyzing enzyme ABHD6 (WWL70, in the
calibrated forceps for 15 s (n ⫽ 6 rats). D, Histologic verification of drug application sites. Diagrams show coronal brain slices. patch pipette) or an inhibitor of monoacylNumber indicates distance from the bregma.
glycerol lipase MGL (JZL184). Activating
CB1 exogenously with ACEA or removing
menclature is explained in Results). We found enhanced feedforabnormal synaptic inhibition of pyramidal cells with picrotoxin inward inhibition and loss of DSI in the arthritis pain model. Our
cluded in the patch-pipette also restored the effect of mGluR5 actiprevious work linked enhanced feedforward inhibition in the
vation on pyramidal output. The combined activation of mGluR5
prelimbic cortex to cortical deactivation (Ji et al., 2010; Sun and
and CB1 controlled abnormally enhanced feedforward inhibition
Neugebauer, 2011). Differential roles have been suggested for
and restored endocannabinoid-mediated presynaptic inhibition of
prelimbic and infralimbic cortices (Sierra-Mercado et al., 2011;
synaptic inhibition (DSI). The data suggest a lack of available 2-AG
Mendoza et al., 2015) and so it is important to analyze and comrather than of functional CB1 receptors. The data also argue against
pare pain-related changes in these regions. We focused on the
impaired release of endocannabinoids, because increasing availabilinfralimbic cortex for a number of reasons. The infralimbic reity of 2-AG in the postsynaptic cell restored endocannabinoidgion of the mPFC inhibits amygdala output to “extinguish” averdependent facilitation of pyramidal output by mGluR5.
sive behaviors (Likhtik et al., 2005; Sah and Westbrook, 2008;
The importance of intact interactions between mGluR5 and
Herry et al., 2010; Kim and Richardson, 2010; Pape and Pare,
the endocannabinoid system for pain modulation was shown
2010; Sotres-Bayon and Quirk, 2010; Orsini and Maren, 2012).
recently in the dorsolateral periaqueductal gray (Gregg et al.,
Decreased infralimbic activity has been implicated in extinction
2012). Footshock produced stress-induced antinociception by
activating mGluR5 and mobilizing 2-AG through a mechanism
deficits (Hefner et al., 2008; Chang and Maren, 2010; Kim et al.,
2010; Sierra-Mercado et al., 2011). Extinction deficits have been
that required postsynaptic diacylglycerol lipase activity and preproposed as a mechanism of the persistence of pain and its negsynaptic CB1 receptors (Gregg et al., 2012). Our behavioral data
suggest that intact mGluR5-2-AG interaction is also required in
ative affective dimension (Apkarian et al., 2009), and failure to
activate the mPFC has been linked to visceral hypersensitivity in
the infralimbic mPFC for pain control. Coactivation of mGluR5
patients (Mayer et al., 2005).
and CB1 in the infralimbic, but not anterior cingulate, cortex
Importantly, our data link the dramatic increase in inhibition
inhibited pain responses and restored decision-making in the
of infralimbic pyramidal cells mechanistically to dysfunction of
arthritis pain model. Together with the electrophysiological remGluR5-2-AG signaling. In the rodent mPFC, CB1 is exclusively
sults, our data suggest that restoring infralimbic output is a powexpressed in GABAergic interneurons (Marsicano and Lutz,
erful pain control mechanism and strategy, which is consistent
1999; Wedzony and Chocyk, 2009) and presynaptic CB1 recepthe finding that consolidation of fear extinction depends on
tors face postsynaptic mGluR5 on pyramidal cells (Lafourcade et
mGluR5 activation in the infralimbic cortex (Fontanez-Nuin et
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al., 2011). In contrast to mGluR5, other mGluRs would be less
suitable targets to enhance pyramidal output. Our previous work
showed that mGluR1 activates feedforward inhibition of mPFC
pyramidal cells (Sun and Neugebauer, 2011), whereas group II
mGluRs inhibit direct excitatory transmission as well as feedforward inhibition onto pyramidal cells, but their net effect is decreased pyramidal cell output (Kiritoshi and Neugebauer, 2015).
The concept of activating mPFC to inhibit pain behaviors has
recently been addressed in an elegant study showing that optogenetic activation of the prelimbic cortex produced strong antinociceptive effects in a neuropathic pain model (Lee et al., 2015).
That study implicated projections to the nucleus accumbens in
the antinociceptive effects of prelimbic mPFC activation (Lee et
al., 2015). Although the present study did not determine the involvement of subcortical structures and pathways, we showed
previously that pharmacological activation of the infralimbic
cortex can inhibit activity of amygdala output neurons (Ji and
Neugebauer, 2014). This is consistent with a key role of the infralimbic cortex in certain aspects of behavioral extinction through
inhibition of amygdala output (Maren and Quirk, 2004; Likhtik
et al., 2005; Akirav and Maroun, 2007; Sah and Westbrook, 2008;
Herry et al., 2010; Kim and Richardson, 2010; Pape and Pare,
2010; Sotres-Bayon and Quirk, 2010). Pain-related enhanced
feedforward inhibition and decreased neuronal activity have
been found in the prelimbic (Ji et al., 2010; Ji and Neugebauer,
2011) and infralimbic (this study) cortex. A recent study from
another group (Zhang et al., 2015) confirmed enhanced feedforward inhibition in the prelimbic mPFC in a neuropathic pain
model and showed that optogenetic inhibition of GABAergic interneurons decreased pain responses in freely moving mice
(Zhang et al., 2015). Although the relative contribution of different cortico-subcortical loops to pain control remains to be determined, a unifying picture is emerging that removing abnormal
inhibition and increasing mPFC output can inhibit pain.
Some technical aspects need to be considered. We used selective compounds at concentrations that are well established in the
literature. ACEA, a synthetic analog of anandamide, is one of the
most selective agonists for CB1 (Hillard et al., 1999). Although
high concentrations of ACEA (⬎10 M) can activate TRPV1 in
the brain (Casarotto et al., 2012), we used a concentration of 10
nM in the brain slice experiments and 10 M in the microdialysis
probe in the behavioral studies where the concentration achieved
in the tissue is at least 100-fold lower due to the concentration
gradient across the microdialysis membrane and diffusion in
the tissue. Importantly, the effects of ACEA and VU0360172
persisted in the presence of a TRPV1 receptor antagonist
(AMG9810; Fig. 4). Further, CB1 and TRPV1 receptors have
opposing effects in the prefrontal cortex (Rubino et al., 2008;
Giordano et al., 2012) and TRPV1 activation counteracts
endocannabinoid-mediated retrograde inhibition of GABAergic
transmission in the striatum (Di Marzo, 2011). We did not test
for CB2 involvement because it is CB1 that mediates DSI; CB2
produces opposite effects in the mPFC and CB2 activation reduces firing of mPFC pyramidal cells through calcium-activated
chloride channels (den Boon et al., 2012). VU0360172 (VU’172)
is one of the most potent and selective mGluR5-positive allosteric
modulators (Rodriguez et al., 2010). We showed previously that
the effects of VU’172 on synaptically evoked spiking were inhibited by a selective negative allosteric modulator of mGluR5
(MTEP) (Kiritoshi et al., 2013). Microdialysis was chosen for
drug delivery in the behavioral experiments because it provides
steady-state drug levels without a volume effect (Stiller et al.,
2003). Drug injection into the anterior cingulate cortex as place-

ment control had no effect. The distance between injections sites
into infralimbic and anterior cingulate cortex was ⬍2 mm, suggesting that drugs did not spread beyond a distance of 1 mm
around the tip of the microdialysis probe. We cannot rule out the
possibility of some drug diffusion from the infralimbic injection
site into the adjacent prelimbic cortex. However, such spread
would have also occurred with the injection into the anterior
cingulate region, which had no effect. Another issue relates to
optogenetic activation and comparability across animals and
brain slices, which depend on viral vector-mediated expression
levels. To control for any variability, we selected intensities that
produce similar levels of synaptically evoked spiking and results
obtained with optogenetic activation matched those with electrical synaptic stimulation.
In conclusion, breakdown of mGluR5-endocannabinoid signaling at BLA synaptic inputs to infralimbic mPFC fails to control
abnormal synaptic inhibition of infralimbic pyramidal cells in an
arthritis pain model. Restoring endocannabinoid signaling allows mGluR5 activation to increase infralimbic output hence inhibit pain behaviors and mitigate cognitive deficits.
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