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ABSTRACT 20 

Glutamate signaling is essential for the persistent neural activity in prefrontal cortex (PFC) that enables 21 

working memory. Metabotropic glutamate receptors (mGluRs) are a diverse class of proteins that modulate 22 

excitatory neurotransmission via both presynaptic regulation of extracellular glutamate levels and postsynaptic 23 

modulation of ion channels on dendritic spines. This receptor class is of significant therapeutic interest for 24 

treatment of cognitive disorders associated with glutamate dysregulation. Working memory impairment and 25 

cortical hypoexcitability are both associated with advanced aging. Whether aging modifies PFC mGluR 26 

expression, and the extent to which any such alterations are regionally or subtype specific, however, is 27 

unknown. Moreover, it is unclear whether specific mGluRs in PFC are critical for working memory, and thus, 28 

whether altered mGluR expression in aging or disease is sufficient to play a causative role in working memory 29 

decline. Experiments in the current study first evaluated the effects of age on medial PFC (mPFC) mGluR 30 

expression using biochemical and molecular approaches in rats. Of the eight mGluRs examined, only mGluR5, 31 

mGluR3, and mGluR4 were significantly reduced in the aged PFC. The reductions in mGluR3 and mGluR5 32 

(but not mGluR4) were observed in both mRNA and protein, and were selectively localized to the prelimbic 33 

(PrL), but not infralimbic (IL), subregion of PFC. Finally, pharmacological blockade of mGluR5 or mGluR2/3 34 

using selective antagonists directed to PrL significantly impaired working memory without influencing non-35 

mnemonic aspects of task performance. Together, these data implicate attenuated expression of PFC mGluR5 36 

and mGluR3 in the impaired working memory associated with advanced ages.  37 

 38 
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Significance statement: Working memory is impaired in several neuropsychiatric disorders and advanced 44 

aging. Glutamate is essential for persistent cellular activity in the prefrontal cortex (PFC) theorized to maintain 45 

working memory. Metabotropic glutamate receptors (mGluRs) are well-positioned to coordinate glutamate 46 

signaling at PFC synapses; however, studies to date have not yet systematically investigated the contributions 47 

of mGluR subtypes to normal working memory and PFC aging. This study shows that aging is accompanied by 48 

loss of PFC mGluR2/3 and mGluR5 mRNA and protein, and that pharmacological inhibition of these mGluR 49 

subtypes is sufficient to impair working memory. These findings suggest that mGluRs have a normal role in 50 

working memory and could serve as a target for treatment of cognitive disorders characterized by PFC 51 

dysfunction.   52 
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Introduction 53 

Working memory involves the temporary representation of information to guide goal-directed behavior 54 

and is a foundational aspect of higher order cognition that is ascribed to the prefrontal cortex (PFC; Baddeley, 55 

1986; Goldman-Rakic, 1996). The neural basis of working memory is theorized to depend on persistent firing 56 

of PFC pyramidal neurons that requires recurrent excitation of ionotropic glutamate receptors (Goldman-Rakic, 57 

1995; Wang et al., 2013). Comparatively less work, however, has considered a role for slower, modulatory 58 

signaling achieved via metabotropic glutamate receptors (mGluRs). The mGluRs belong to the class C family 59 

of G-protein coupled receptors (Tanabe et al., 1992; Bjarnadóttir et al., 2006) and are subdivided into three 60 

groups on the basis of their sequence homology and downstream signaling mechanisms (Bishop and 61 

Ellingrod, 2007). In dendritic spines, Group I and some Group II mGluRs regulate ion channel activity and 62 

intracellular Ca2+ release to influence neural excitability (Mannaioni et al., 2001; Tyszkiewicz et al., 2004; 63 

Hagenston et al., 2008; Niswender and Conn, 2010; Arnsten et al., 2012; Jin et al., 2017). Also essential 64 

regulators of extracellular glutamate, Group II and III mGluRs localize to excitatory terminals and glial 65 

processes where they modulate the synaptic release of glutamate (Tanabe et al., 1993; Okamoto et al., 1994; 66 

Sansig et al., 2001) and glutamate uptake (Aronica et al., 2003; Corti et al., 2007), respectively.  67 

The mGluRs are of significant therapeutic interest for treating PFC glutamate dysregulation and 68 

working memory dysfunction in several neuropsychiatric diseases, including schizophrenia and major 69 

depressive disorder. It is unclear whether deficient mGluR expression is causally linked to the working memory 70 

impairments observed in these conditions, however, as some studies show reductions in PFC Group I and 71 

Group II mGluR expression in schizophrenia and depression (Ghose et al., 2009; Corti et al., 2011; 72 

Deschwanden et al., 2011; McOmish et al., 2016), whereas others do not (Crook et al., 2002; Frank et al., 73 

2011; Matosin et al., 2013). Aside from their potential roles in cognitive dysfunction in disease states, a 74 

secondary observation from this literature is that expression of at least some mGluR subtypes appears to 75 

decline across the lifespan, independent of the manifestation of psychiatric conditions (Crook et al., 2002; Corti 76 

et al., 2011; Frank et al., 2011). These initial observations suggest that attenuated mGluR expression with age 77 

may be a contributing factor to the precipitous working memory decline that often accompanies aging (Oscar-78 

Berman and Bonner, 1985; Dunnett et al., 1988; Rapp and Amaral, 1989; Bachevalier et al., 1991; Lamar and 79 
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Resnick, 2004; Beas et al., 2013; McQuail et al., 2016; Hernandez et al., 2017). Importantly, however, the 80 

effects of age on mGluR expression have only been examined in retrospective studies in populations with 81 

neuropsychiatric disease.   82 

The overarching goal of the current study was to comprehensively evaluate mGluR expression in aged 83 

rat medial prefrontal cortex (mPFC), the rodent homologue of primate dorsolateral PFC. The findings indicate 84 

that mGluR3 and mGluR5 expression decline specifically in the prelimbic (PrL) but not infralimbic (IL) 85 

subregion of mPFC. All other mGluRs were largely stable with age in both PFC subregions. Importantly, 86 

blockade of either mGluR2/3 or mGluR5 in the PrL reliably impaired working memory performance in young 87 

rats. Together, these data implicate selective reductions in PrL mGluR expression in age-associated working 88 

memory decline and suggest that targeting these receptors may have potential for improving working memory 89 

in aging and other disorders. 90 

 91 

Materials and Methods 92 

Subjects 93 

Young adult (4 months, n=38) and aged (22 months, n=30) male Fischer 344 (F344) rats were obtained 94 

from the National Institute on Aging’s Aging Rodent Colony maintained by Charles River Laboratories. All 95 

animals were housed in the Association for Assessment and Accreditation of Laboratory Animal Care 96 

International-accredited vivarium facility in the McKnight Brain Institute Building at the University of Florida. The 97 

facility was maintained at a consistent temperature of 25°C with a 12-hour light/dark cycle (lights on at 0700) 98 

with free access to food and water except as otherwise noted. All animal procedures were reviewed and 99 

approved by the University of Florida Institutional Animal Care and Use Committee and followed National 100 

Institutes of Health guidelines. In Experiment 1, a cohort of young adult (n=8) and aged (n=15) rats was used 101 

to measure protein expression of mGluR subtypes in the whole mPFC. Experiment 2 used a second cohort of 102 

young adult (n=8) and aged (n=15) rats to assess expression of gene transcripts that encode mGluR subtypes 103 

in the PrL and IL subregions of the mPFC. In Experiment 3, young adult rats (n=22) were used to probe the 104 

functional consequences of the age-related declines in mGluR expression identified in Experiments 1 and 2, by 105 



 

6 
 

evaluating the effects of pharmacological blockade of mGluR5 (n=11) or mGluR2/3 (n=11) in PrL on 106 

performance in a delayed response task used to assess working memory. 107 

 108 

Experiment 1: Effect of Age on Expression of mGluR Protein in the mPFC 109 

Tissue Dissection and Protein Extraction 110 

Animals were sacrificed by decapitation and the mPFC was micro-dissected from surrounding tissues 111 

on an ice-cold plate before freezing on dry ice and storage at -80oC until membranes were prepared (McQuail 112 

et al., 2012). All tissue samples were weighed and homogenized in 2 mL glass-teflon dounce homogenizers 113 

containing ten volumes of 50 mM HEPES (pH 7.4) supplemented with 1 mM EDTA, 1 mM EGTA and protease 114 

inhibitors (Halt™ from ThermoFisher, Waltham, MA USA). Tissue homogenates were transferred to a 1.5 mL 115 

tube, then centrifuged at 10,000  g for 20 minutes at 4oC. The pellet, comprising the membrane-bound 116 

protein fraction, was resuspended in the same buffer and incubated on ice for 30 minutes. All samples were 117 

then centrifuged at 20,000 rpm (32,539 x g) for 10 minutes at 4oC. Finally, the washed pellet was resuspended 118 

in 50 mM HEPES buffer, then aliquoted and stored at -80oC until used for Western blotting analyses.  119 

 120 

SDS-PAGE and Immunoblotting 121 

Unless otherwise noted, all reagents used were from Biorad (Hercules, CA, USA). Each mPFC protein 122 

sample was diluted and reduced in Laemmli buffer with 5% (v/v) β-mercaptoethaol and denatured at 95°C for 5 123 

minutes.  A total of 5 μg of membrane protein was loaded per well in a 26 lane TGX 4-15% polyacrylamide gel. 124 

Each sample was assayed in duplicate and the location of each replicate was systematically varied between 125 

gels. Protein samples were separated for 45 minutes at 200 V in 1× running buffer (25 mM Tris, 192 mM 126 

glycine, 0.1% SDS, pH 8.3). Resolved proteins were electrophoretically transferred to nitrocellulose 127 

membranes (0.45 μm pore size) in 1× transfer buffer (25 mM Tris, 192 mM glycine, pH 8.3) with 20% (v/v) 128 

methanol at 100 V for 30 minutes at 4°C. Membranes were then blocked in Rockland Blocking Buffer (Lincoln, 129 

NE, USA) for 1 h at room temperature. Proteins of interest were detected by overnight incubation with specific 130 

primary antibodies (Table 1) diluted in blocking buffer supplemented with 0.1% Tween 20 at 4°C. For each 131 

primary antibody, the optimal dilution was empirically determined to obtain a linear range of detection for 1.25-132 
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10 μg of mPFC membrane protein. Membranes were washed in 1× tris-buffered saline before incubation with 133 

IR-Dye conjugated secondary antibodies (Table 1). Excess secondary antibody was removed by washing with 134 

TBS+0.1% Tween-20 (TBST) followed by additional washes of TBS. The membranes were then imaged on a 135 

LiCor Odyssey scanner and integrated intensity of immunoreactive bands was assessed using ImageStudio 136 

v3.2.  137 

 138 

Statistical Analysis of Protein Levels 139 

Integrated intensities were normalized using α-tubulin as a loading control, which did not change with 140 

age in any of the individual experiments (ts = 0.238-0.397, ps = 0.695-0.814). Data were transformed to 141 

percent level of young (i.e., mean level of young = 100%) and analyzed by independent-samples t-test to 142 

compare protein levels between young and aged using the Benjamini-Hochberg method to correct for multiple 143 

comparisons with a false discovery rate (FDR)- value  (adjusted for the total number of protein comparisons) of 144 

p(FDR) ≤ 0.05 (Benjamini and Hochberg, 1995; Storey and Tibshirani, 2003). Statistical comparisons are 145 

summarized in Table 6.  146 

 147 

Experiment 2: Effect of Age on Expression of mGluR mRNA in mPFC Subregions 148 

Tissue Micro-punching and RNA Isolation 149 

Animals were sacrificed by rapid decapitation and whole brains were quickly extracted, frozen on dry 150 

ice, and stored at -80°C. Brains were equilibrated to -10°C in a cryostat and 360 μm sections were cut through 151 

the rostral-caudal extent of the frontal cortex. A 1 mm tissue biopsy punch tool was used to obtain samples 152 

from PrL and IL subregions of mPFC. Tissue punches were immediately transferred to homogenization buffer 153 

and total RNA was isolated using the RNEasy Plus Micro kit according to the manufacturer’s protocol (PN: 154 

74034, Qiagen, Frederick, MD, USA). RNA concentration was determined with the use of a NanoDrop1000 155 

(Thermo Scientific). The yield of RNA was consistent and reproduced across groups. The average RNA 156 

integrity number (RIN) determined by TapeStation (Agilent Biosciences, Santa Clara, CA, USA) was 9.7, and 157 

no sample had a RIN lower than 9.  158 

 159 
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Reverse Transcription and PCR Expression Assay 160 

From each sample, 100 ng of RNA was used to make cDNA using the RT2 PreAMP cDNA Synthesis 161 

Kit (PN: 330451, Qiagen). Then, cDNA targets were preamplified using the RT2 PreAMP PCR Mastermix and 162 

the RT2 PreAMP Pathway Primer Mix according to the manufacturer’s protocol (PN: PBR-152Z, Qiagen). 163 

Relative gene expression was measured using RT2 Profiler low-density PCR plates preloaded with qPCR 164 

primer assays for genes encoding GABA- and glutamate-related targets (PN: PARN-152ZA, Qiagen). This 165 

approach was taken to enable assessment of all mGluR subtypes in parallel. Thermal cycling and data 166 

collection were accomplished using an ABI Real-Time PCR 7300. Only RT-qPCR plates that passed the PCR 167 

array reproducibility, reverse transcription efficiency, and genomic DNA contamination quality control 168 

parameters set by Qiagen’s pre-amplification methods (RT2 Profiler PCR Array Data Analysis v3.5) as well as 169 

those reactions that produced the predicted peak by melting temperature (Tm) curve analysis were included in 170 

the final analyses. Consequently, final group sizes for PrL and IL analyses were n=6 young and n=12 aged.  171 

 172 

Statistical Analysis of Genes 173 

Each gene included in the RT-qPCR plates was cross-referenced with the Allen Brain Institute’s online 174 

in situ hybridization atlas (http://mouse.brain-map.org/) and those not expressed in mPFC were used to set the 175 

lowest cycle threshold (Ct) considered detectable. Genes were normalized to the housekeeping gene RPLP1. 176 

This gene did not differ by age in either PrL or IL (mean group difference = 0.192 Ct). After normalization, Ct 177 

values were transformed to percent expression of young (i.e., mean level of young = 100%). Independent-178 

samples t-tests were used to compare expression of mGluR transcripts between young and aged samples in 179 

PrL and IL separately using the Benjamini-Hochberg method to correct for multiple comparisons with a false 180 

discovery rate (FDR)- value  (adjusted for the total number of gene comparisons) of p(FDR) ≤ 0.00866 181 

(Benjamini and Hochberg, 1995; Storey and Tibshirani, 2003). Statistical comparisons are summarized in 182 

Table 6.  183 

 184 

Experiment 3: Contributions of mGluRs in Prelimbic Cortex to Working Memory 185 

Surgical Procedures 186 



 

9 
 

Rats were anesthetized with isofluorane gas and secured in a stereotaxic frame. Following a midline 187 

incision over the skull, the skin was retracted and holes were drilled in the skull for guide cannulae and 188 

stainless-steel anchoring screws. Bilateral guide cannulae (22-gauge, Plastics One) targeting the PrL 189 

subregion of the mPFC (AP: +2.7 mm from bregma, ML: ±0.7 mm from bregma, DV: -3.8 mm from the skull 190 

surface) were implanted and secured to the skull with the screws and dental cement. Stainless-steel 191 

obdurators were placed into the cannulae to minimize the risk of infection. Immediately after surgery, rats 192 

received subcutaneous injections of buprenorphine (1 mg/kg/day) and meloxicam (2 mg/kg/day). 193 

Buprenorphine was also administered 24 hours post-operation, and meloxicam 48-72 hours post-operation. A 194 

topical ointment was applied as needed to facilitate wound healing. Prior to behavioral procedures, rats 195 

received at least 2 weeks post-surgical recovery, with sutures removed after 10-14 days.  196 

 197 

Behavioral Testing Apparatus 198 

Behavioral testing was conducted in 8 identical standard rat behavioral test chambers (Coulbourn 199 

Instruments) with steel front and back walls, transparent Plexiglas side walls, and a floor composed of steel 200 

rods (0.4 cm in diameter) spaced 1.1 cm apart. Each test chamber was housed in a sound-attenuating cubicle, 201 

and was equipped with a recessed food pellet delivery trough located 2 cm above the floor in the center of the 202 

front wall. The trough was fitted with a photobeam to detect head entries and a 1.12 W lamp for illumination. 203 

Food rewards consisted of 45-mg grain-based food pellets (PJAI; Test Diet, Richmond, IN, USA). Two 204 

retractable levers were positioned to the left and right of the food trough (11 cm above the floor). An additional 205 

1.12 W house light was mounted near the top of the rear wall of the sound-attenuating cubicle. A computer 206 

interfaced with the behavioral test chambers and equipped with Graphic State 3.01 software (Coulbourn 207 

Instruments) was used to control experiments and collect data. 208 

 209 

Delayed Response Task 210 

Habituation and Shaping of Operant Procedures 211 

After rats recovered from surgery, they were food-restricted to 85% of their free-feeding weights. Rats 212 

progressed through three stages of shaping prior to starting the working memory assessment. These shaping 213 
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procedures were designed to train rats to reliably press each of the two response levers, with each new stage 214 

beginning on the day immediately following completion of a previous stage. On the day before Shaping Stage 215 

1, each rat was given five 45 mg food pellets in its home cage to reduce neophobia to the food reward used in 216 

the task. Shaping Stage 1 consisted of a 64-min session of magazine training, involving 38 deliveries of a 217 

single food pellet with an intertrial interval of 100 ± 40 s. Shaping Stage 2 consisted of lever press training, in 218 

which a single lever (left or right, counterbalanced across age groups) was extended and a press resulted in 219 

delivery of a single food pellet. After reaching a criterion of 50 lever presses in 30 min, rats were then trained 220 

on the opposite lever using the same procedures. During Shaping Stage 3, a nosepoke into the food trough 221 

caused either the left or right lever (counterbalanced across trials in this Stage of testing) to extend, and a 222 

press resulted in a single food pellet delivery. Rats were trained in Shaping Stage 3 until achieving 80 lever 223 

presses in a 30-min session. 224 

 225 

Delayed response task procedures 226 

The task design was based on (Sloan et al., 2006), and has been used by our lab previously to 227 

demonstrate working memory impairments in aged rats (e.g., Beas et al., 2013; Bañuelos et al., 2014; McQuail 228 

et al., 2016; Hernandez et al., 2017). Each 40-min session began with illumination of the house light, which 229 

remained illuminated throughout the entire session except during timeout periods (see below). Rats received a 230 

single test session each day. Each trial in the task began with extension of a single “sample” lever into the 231 

chamber (Figure 1). The sample lever (left or right) was randomly selected within each pair of trials to ensure 232 

equal representation of both levers across the test session. A press on the sample lever caused it to retract 233 

and initiated the delay interval. During the delay interval, rats were required to nosepoke into the food trough to 234 

initiate the “choice” phase. Because there were no cues that signaled the duration of the delay period, and 235 

because delays were randomized across trials (making it impossible for rats to predict the end of the delay), 236 

this requirement resulted in rats nosepoking continuously until the choice phase was initiated. This requirement 237 

that rats nosepoke in the food trough during the delay interval also reduced the likelihood that they could 238 

employ non-mnemonic, “mediating” strategies (e.g., positioning themselves in front of the sample lever during 239 

the delay). The first nosepoke executed after the delay interval expired initiated the “choice phase” by causing 240 
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both levers to extend into the chamber. During the choice phase, a response on the same lever pressed during 241 

the sample phase was “correct” and resulted in retraction of both levers and delivery of a food pellet into the 242 

food trough, followed by a 5 s intertrial interval. A response on the opposite lever from that chosen during the 243 

sample phase was “incorrect” and resulted in retraction of both levers and initiation of a 5 s “timeout” period 244 

during which the house light was extinguished. Immediately following this timeout, the house light was re-245 

illuminated and the next trial began (i.e., one lever was extended into the chamber for the “sample phase”). 246 

During initial sessions in this task, there were no delays between the sample and choice phases, and a 247 

correction procedure was used such that the sample lever was repeated on the same side following an 248 

incorrect response, to reduce development of side biases. Once rats reached a criterion of 80% correct 249 

choices across a test session for two consecutive sessions, this correction procedure was discontinued and a 250 

set of seven delays was introduced. The presentation of delay durations was randomized within each block of 251 

seven trials, such that each delay was presented once within a block. Upon establishing >80% correct 252 

responses across two consecutive sessions in a “delay set”, rats were progressed to the next set, which 253 

contained increasingly longer delays (delay set 1: 0, 1, 2, 3, 4, 5, 6 s; delay set 2: 0, 2, 4, 8, 12, 16 s; delay set 254 

3: 0, 2, 4, 8, 12, 18, and 24 s). Rats were trained on the last delay set until reaching stable baseline 255 

performance (defined as less than 10% variability across 5 consecutive days of training) at which point they 256 

were assigned to one of two drug groups used to test the effects of blockade of mGluR5 and mGluR2/3 257 

(counterbalancing baseline performance across groups).  258 

 259 

Drug Preparation and Intra-Cerebral Micro-Infusion  260 

The selective non-competitive mGluR5 antagonist (Anderson et al., 2002; Busse et al., 2004) 3-((2-261 

Methyl-4-thiazolyl)ethynyl)pyridine (MTEP, Tocris, Ellison, MO, USA), was dissolved in aCSF at concentrations 262 

of 0.1, 0.3, and 1.0 μg per 0.5 μL. Doses were selected based on a previous study showing that intracerebral 263 

infusions targeting the mPFC with 15 nmols (3.5 μg) of MTEP per hemisphere prevented behavioral 264 

sensitization to cocaine (Timmer and Steketee, 2012). The mixed mGluR2/3 competitive antagonist (Kingston 265 

et al., 1998), (2S)-2-Amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid (LY341495, 266 

Tocris), was dissolved in a 20% DMSO in aCSF solution at concentrations of 0.005, 0.05, and 0.5 μg per 0.5 267 
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μL. Doses were selected according to a previous study showing that intracerebral infusions targeting the 268 

amygdala with 0.3 μg of LY341495 per hemisphere blocked a group II mGluR agonist-induced startle response 269 

(Walker et al., 2002). 270 

After establishing baseline performance, rats were assigned to receive either MTEP or LY341495. Drug 271 

doses were administered using a randomized, within-subjects Latin square design such that each rat received 272 

each dose of drug and vehicle, with a 48-h washout period between successive infusions. Each infusion was 273 

administered by an experimenter who was blinded to the treatment conditions. Drugs were administered using 274 

10 μL Hamilton syringes mounted on a Harvard Apparatus infusion pump (Pump 11 Elite, Harvard Apparatus, 275 

Holliston, MA, USA) and connected via PE-20 tubing to micro-injectors (Plastics One), which extended 1 mm 276 

past the end of the guide cannulae. Each dose was delivered in a volume of 0.5 μL/hemisphere over a duration 277 

of 1 minute, and injectors were left in place for one additional minute to allow for diffusion. Behavioral testing 278 

began 5 minutes post-infusion.  279 

 280 

Cannula Placement Histology 281 

After completion of behavioral testing, rats were administered a lethal dose of Euthasol (sodium 282 

pentobarbital and phenytoin solution; Virbac, Fort Worth, TX, USA) and perfused transcardially with a 4°C 283 

solution of 0.1M phosphate buffered saline (PBS) for 2 minutes, followed by 4% (w/v) paraformaldehyde in 284 

0.1M PBS for an additional 5 minutes. Brains were removed and post-fixed for 24 h, then transferred to a 20% 285 

(w/v) sucrose solution in 0.1M PBS for 3 days (all chemicals purchased from Fisher Scientific, Hampton, NH, 286 

USA). Brains were sectioned at 40 μm using a cryostat maintained at -20˚C, and slices were mounted on 287 

electrostatic glass slides. Brain sections were subsequently stained with thionin and coverslipped for 288 

verification of cannula placement under a compound light microscope. Injector tip coordinates were identified 289 

using a rat brain atlas (Paxinos and Watson, 2005). Off-target cannula placements required exclusion of n=4 290 

rats from the MTEP cohort (see Figure 4A for finalized cannula placements) and n=1 rat from the LY341495 291 

cohort (see Figure 5A for finalized cannula placements).  292 

 293 

Statistical Analyses for Behavioral Pharmacology.  294 
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Raw data files were exported from Graphic State software and compiled using a custom macro written 295 

for Microsoft Excel (Dr. Jonathan Lifshitz, University of Kentucky). Statistical analyses were conducted using 296 

SPSS 24.0 (IBM, Armonk, NY, USA). Choice accuracy (the percentage of correct choices at each delay 297 

duration) was the primary measure of interest (Beas et al., 2013; Bañuelos et al., 2014; McQuail et al., 2016; 298 

Hernandez et al., 2017). Several additional measures were also compared to assess possible non-mnemonic 299 

effects on task performance (number of trials completed/session, see Figures 4 and 5; and latency to lever 300 

press during both the sample and choice phases of the trials, see Tables 4 and 5). Choice accuracy was 301 

analyzed using a two-factor, repeated-measures ANOVA, with drug dose (4 levels) and delay (7 levels) as 302 

within-subjects factors. The Huynh-Feldt correction was applied to correct for violations of sphericity. 303 

Significant main effects of dose or interactions between dose and delay were explored with a post hoc, two-304 

factor, repeated-measures ANOVA to compare the effect of individual doses versus vehicle (2 levels), with 305 

delay (7 levels) as an additional within-subjects factor in these analyses. To determine the effect of dose at 306 

specific delays, a post-hoc, repeated measures ANOVA was done with dose (4-levels) as the within-subjects 307 

factor for each individual delay. Any significant effects of dose were followed up with a pairwise comparison 308 

using paired-samples t-Tests with Dunnett’s correction for multiple comparisons. The number of trials 309 

completed and lever press latencies were analyzed using a one-factor, repeated-measures ANOVA, with drug 310 

dose (4 levels) as the within-subjects factor. The Huynh-Feldt correction was applied to correct for violations of 311 

sphericity. To determine whether there were carry-over or cumulative effects of successive PrL micro-312 

infusions, choice accuracy on intervening wash-out days was analyzed by a repeated-measures ANOVA, 313 

using either dose delivered on the previous day or cumulative number of micro-infusions (4 levels for each) as 314 

within-subjects factors. Statistical comparisons are summarized in Table 6. 315 

 316 

Results 317 

Experiment 1: Expression of select mGluR proteins is reduced in aged PFC  318 

Group I mGluRs are largely localized to postsynaptic sites and include mGluR1 and mGluR5. 319 

Expression of mGluR1 in the mPFC did not reliably differ between young adult and aged rats (t(21) = -1.670, p = 320 

0.110; Figure 2B); however, expression of mGluR5 was significantly decreased in aged relative to young (t(20) = 321 
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2.407, p = 0.026; Figure 2B). Group II mGluRs are comprised of mGluR 2 and 3 and these receptors have 322 

been identified on both pre- and post-synaptic sites (Tanabe et al., 1993; Okamoto et al., 1994; Mannaioni et 323 

al., 2001; Sansig et al., 2001; Tyszkiewicz et al., 2004; Hagenston et al., 2008; Niswender and Conn, 2010; 324 

Arnsten et al., 2012; Jin et al., 2017). Although antibodies do not distinguish between these receptors, 325 

expression of mGluR2/3 was also significantly lower in the aged mPFC compared to young (t(20) = 2.366, p = 326 

0.028; Figure 2C). In contrast, expression of the largely presynaptic Group III receptors, mGluR4, 7 and 8, was 327 

unchanged with age (ts(21) = -1.650-1.134, ps = 0.114-0.459; Figure 2D). See Table 2 for normalized data (not 328 

expressed as percent of young), and note that mGluR6 is not expressed in brain and thus was not analyzed. 329 

 330 

Experiment 2: Age-associated reductions in mGluR mRNA expression are PFC subregion specific 331 

To confirm and extend the significant findings observed at the level of mGluR protein, complementary 332 

analyses were performed to measure expression of mRNAs that encode for these receptors in a second cohort 333 

of young and aged rats. Relative to Western blotting, PCR requires comparatively smaller sample quantities, 334 

allowing for differentiation of the mPFC into PrL and IL subregions for discrete analyses. Further, unlike 335 

commercial antibodies, PCR primer probes can distinguish between GRM2 and GRM3. Table 3 and Figure 3 336 

summarize statistical comparisons of mGluR gene expression in young and aged rats using this analysis. In 337 

agreement with the data from Western blots, both GRM5 and GRM3 were significantly reduced in aged PrL. 338 

Expression of GRM4 also was reliably reduced in aged PrL compared to young. Expression of GRM7, GRM8, 339 

GRM1 and GRM2 was preserved in aged PrL relative to young. In contrast to selective mGluR mRNA 340 

reductions in PrL, expression of mRNA for all mGluR subtypes did not differ as a function of age in IL. See 341 

Table 3 for normalized data (not expressed as percent of young). 342 

 343 

Experiment 3: mGluR3 and mGluR5 in PrL are necessary for normal working memory 344 

Data from mGluR protein and gene expression studies converge to potentially implicate reductions in 345 

specific mGluRs in the age-associated decline of cognitive processes supported by the mPFC. Specifically, 346 

findings from Experiments 1 and 2, together with a large literature implicating PFC in working memory, suggest 347 

that the decline of mGluR5 and mGluR3 in the aged PrL might contribute to the well-documented impairments 348 
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in this aspect of cognition that emerge in later life (Oscar-Berman and Bonner, 1985; Dunnett et al., 1988; 349 

Rapp and Amaral, 1989; Bachevalier et al., 1991; Lamar and Resnick, 2004; Beas et al., 2013; McQuail et al., 350 

2016; Hernandez et al., 2017). The final experiments in this study were designed to determine whether these 351 

mGluR reductions could be sufficient to impact working memory performance. In these studies, two cohorts of 352 

young adult rats were used to test the effects of intra-PrL micro-infusions of selective mGluR antagonists 353 

targeting mGluR5 or mGluR2/3 on performance in a delayed response task that evaluates working memory. 354 

In the first cohort of rats, the effects on working memory resulting from blockade of the Group I receptor 355 

mGluR5 were tested using the selective mGluR5 antagonist MTEP. Intra-PrL infusion of MTEP significantly 356 

impaired choice accuracy (Figure 4B; main effect of dose: F(3, 18) = 3.176, p = 0.049; dose  delay interaction: 357 

F(18, 108) = 1.096, p = 0.366). Post-hoc comparisons probing individual doses relative to vehicle indicated that 358 

the 0.3 μg dose of MTEP reliably impaired choice accuracy (Figures 4C, D; main effect of dose: F(1, 6) = 54.178, 359 

p = 0.0001; dose  delay: F(6, 36) = 1.388, p = 0.246), whereas performance under other doses did not 360 

significantly differ from vehicle (main effects of dose Fs(1, 6) = 0.024-2.44, ps = 0.639-0.882; dose  delay 361 

interactions: Fs(6, 36) = 0.765-1.186, ps = 0.336-0.602). To evaluate potential carry-over effects of the drug 362 

micro-infusions, performance on intervening days of the drug schedule (i.e. wash-out days) was also 363 

evaluated. Performance on these days did not differ as a function of either the dose administered on the 364 

previous day (main effect of prior day’s dose: F(3, 18) = 0.239, p = 0.868; data not shown) or as a function of 365 

infusion day (main effect of infusion day: F(3, 18) = 1.205, p = 0.334; data not shown), indicating there were no 366 

residual effects of MTEP on task performance that carried forward to subsequent drug days, nor deleterious 367 

effects on task performance from the cumulative effects of successive micro-infusions. In order to determine 368 

whether MTEP influenced non-mnemonic aspects of task performance, several additional measures were also 369 

assessed. Analysis of the total number of trials completed per session revealed no effect of MTEP dose 370 

(Figure 4E; F(3, 18) = 0.571, p = 0.642). Additional analyses of lever press response latencies revealed no 371 

effects of MTEP dose during either the sample (F(3,18) = 1.149, p = 0.356) or choice (F(3,18) = 2.55, p = 0.088) 372 

phases of the task (Table 4). These data suggest that the effects of MTEP on delayed response choice 373 

accuracy were not secondary to effects on motivation or general task performance.  374 
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In the second cohort of rats used for behavioral pharmacology, the effects on working memory resulting 375 

from blockade of Group 2 receptors (mGluR2/3) were tested using LY341495. A main effect of dose (F(3, 27) = 376 

4.778, p = 0.008) and a significant dose × delay interaction (F(18, 162) = 2.083, p = 0.009) on choice accuracy 377 

were observed following LY341495 administration (Figure 5B). Post-hoc analyses comparing individual doses 378 

to vehicle determined that all doses significantly impaired performance (5 ng, main effect of dose: F(1, 9) = 379 

0.570, p = 0.470; dose  delay interaction: F(6, 54) = 2.834, p = 0.018; 50 ng, main effect of dose: F(1, 9) = 1.895, 380 

p = 0.202; dose  delay interaction: F(6, 54) = 2.887, p = 0.029; 500 ng, main effect of dose: F(1, 9) = 14.911, p = 381 

0.004, dose  delay: F(6, 54) = 1.793, p = 0.118, Figures 5C, D). A further post-hoc analysis on the effect of dose 382 

at each delay revealed significant main effects of dose at both the 18s (F(3,27)=5.009, p=0.007; veh>5ng: 383 

t(9)=2.501 p=0.034; veh>50ng: t(9)=3.212p=0.011; veh>500ng: t(9)=2.596 p=0.029) and 24s delays 384 

(F(3,27)=3.570, p=0.027; veh>500ng: t(9)=2.402 p=0.040; see Table 6 for summary of all post-hoc analyses). As 385 

with MTEP, there was no residual effect of LY341495 on task performance on the wash-out days following 386 

drug infusion (main effect of prior day’s dose: F(3, 27) = 1.341, p = 0.282; data not shown) nor did the cumulative 387 

number of micro-infusions influence performance (main effect of infusion day: F(3, 27) = 0.276, p = 0.842; data 388 

not shown). Finally, LY341495 had no effects on either the number of trials completed (F(3, 27) = 2.422, p = 389 

0.088; Figure 5E) or lever press response latencies (sample phase: F(3,27) = 2.017, p = 0.185; choice phase 390 

F(3,27) = 1.000, p = 0.408; Table 5).  391 

 392 

Discussion 393 

The goal of this study was to compare expression of all known mGluR subtypes in the mPFC between 394 

fully mature young adult and aged rats, and to differentiate the effects of selective mGluR antagonists in mPFC 395 

on normal working memory. Experiments 1 and 2 were directed at evaluating both protein and mRNA 396 

expression of mGluRs in aging, using complementary methodology in independent cohorts of young adult and 397 

aged rats. The biochemical analysis indicated that expression of mGluR2/3 and mGluR5 was reliably reduced 398 

with age. While arguably the protein expression data provide the most functionally-relevant information 399 

regarding the influence of age on these receptors, current antibodies do not distinguish between several of the 400 

mGluRs. Moreover, the quantity of tissue required for reliable protein assessment makes it difficult to restrict 401 
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the analysis to anatomically and functionally distinct mPFC subregions (specifically PrL and IL). To provide 402 

confirmatory and complementary data regarding subregional mGluR expression, the mRNA transcripts for 403 

each receptor were probed using low density, PCR-based arrays that included genes for all known mGluRs 404 

(GRM1-8). This strategy allowed expression of GRM2 and GRM3 to be differentiated in addition to enabling 405 

the effects of age to be isolated in PrL and IL subregions. This approach corroborated the loss of mGluR5, and 406 

specified that loss of mGluR2/3 detected at the protein level is likely attributable to lower GRM3 expression. 407 

Importantly, these data agree with post-mortem studies that were prospectively designed to compare mGluR 408 

expression in PFC between schizophrenia patients and healthy controls, but incidentally observed that 409 

expression of both mGluR2/3 and mGluR5 are negatively correlated with age (Crook et al., 2002; Corti et al., 410 

2011; Frank et al., 2011).  411 

 At the mRNA level, the loss of mGluRs was localized to the PrL subregion of the mPFC. The 412 

significance of this subregion-specific effect may pertain to unique characteristics of the PrL that support 413 

mnemonic function, due in part to extensive interconnections with other cortico-limbic brain regions (Seamans 414 

et al., 1995; Vertes, 2004, 2006; Cassaday et al., 2014). In contrast, the neighboring IL subregion, which 415 

exhibited no significant age-related changes in expression of mGluR genes, is known to connect more 416 

extensively with subcortical targets to regulate autonomic viscero-motor processes (Vertes, 2004, 2006). 417 

Indeed, pharmacological inactivation, or optogenetic manipulation localized to the PrL demonstrates that this 418 

mPFC subregion is required for behaviors that engage working memory (Sierra-Mercado et al., 2011; Gilmartin 419 

et al., 2013; Kim et al., 2016; Levin et al., 2017).  420 

In addition to GRM3 and GRM5, the analysis of mRNA expression also revealed a reliable age-related 421 

reduction in GRM4 in PrL, although mPFC mGluR4 protein expression did not differ as a function of age. While 422 

implicated in psychiatric disorders (Woźniak et al., 2016; Isherwood et al., 2017), learning and memory (Davis 423 

et al., 2013; Iscru et al., 2013), and neurodegenerative disease (Niswender et al., 2016), the role of GRM4 in 424 

cognition is not well understood. Ligands targeting mGluR4 are currently unavailable, but important future work 425 

includes the exploration of this receptor in relation to working memory and other PFC-mediated cognitive 426 

functions in aging and disease states. 427 

 428 
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Selective blockade of mGluR5 and mGluR2/3 impairs working memory performance. 429 

The second major finding of this study is that mGluRs in the PrL contribute to optimal working memory 430 

function. The few previous studies using systemic administration of mGluR5- or mGluR2/3-directed ligands 431 

have produced varied conclusions regarding the contributions of these receptors to working memory (Aultman 432 

and Moghaddam, 2001; Campbell et al., 2004; Homayoun et al., 2004; Novitskaya et al., 2010). Although 433 

these receptors are highly expressed in the PFC, systemic drug administration cannot isolate the contribution 434 

of PFC mGluRs to working memory as they are also present in other brain regions that contribute to diverse 435 

aspects of cognition (Ferraguti and Shigemoto, 2006; Gravius et al., 2010). To determine if signaling via 436 

mGluRs in the mPFC, and more specifically the PrL, is necessary for working memory, we investigated the 437 

effects of micro-infusing subtype-selective antagonists into the PrL during delayed response task performance.  438 

In the current study, the highly selective mGluR5 antagonist MTEP impaired delayed response 439 

accuracy without influencing non-mnemonic aspects of performance (number of trials completed or response 440 

latencies). The fact that this impairment, as well as that induced by mGluR2/3 blockade, was delay-dependent  441 

is consistent with the interpretation that mGluR blockade in mPFC specifically impaired working memory. While 442 

rats can use mediating strategies that circumvent mnemonic demands on delayed response tasks (e.g., 443 

leaning their body toward the correct lever while nosepoking in the food trough (Herremans et al., 1996; 444 

Chudasama and Muir, 1997)), such strategies would not be expected to produce a robust pattern of declining 445 

accuracy with increasing delays. In fact, this pattern of declining accuracy with increasing delays is reliably 446 

observed, even under baseline conditions (see also Beas et al., 2013; Bañuelos et al., 2014; McQuail et al., 447 

2016; Hernandez et al., 2017). 448 

The importance of mGluR5 to working memory may relate to its ability to increase excitability and firing 449 

of mPFC pyramidal neurons in response to synaptic stimulation (Homayoun and Moghaddam, 2006; Lecourtier 450 

et al., 2007; Sidiropoulou et al., 2009). Specifically, sustained activity of neurons in the PFC during delays 451 

interposed between stimulus perception and response initiation is widely considered to be the physiological 452 

basis for temporary storage of information in working memory (Goldman-Rakic, 1995). Ionotropic NMDARs are 453 

essential for persistent firing and working memory (Wang et al., 2013; McQuail et al., 2016) and mGluR5 may 454 

support these processes by potentiating NMDAR currents (Mannaioni et al., 2001). Consistent with the view 455 
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that mGluR5 exerts its effects on working memory via interactions with NMDARs are data showing that 456 

mGluR5 blockade exacerbates working memory impairments induced by NMDAR antagonists, including 457 

phencyclidine (PCP) and MK-801 (Campbell et al., 2004; Homayoun et al., 2004). Diminished contributions 458 

from mGluR5, as in normal aging or following pharmacological blockade, may shift glutamate signaling toward 459 

preserved binding sites on mGluR1 that stimulate postsynaptic changes that are less advantageous to working 460 

memory. Specifically, mGluR1 stimulates release of Ca2+ from intracellular stores (Mannaioni et al., 2001), and 461 

such mGluR-mediated mobilization of intracellular Ca2+ is associated with mixed effects on PFC neuron 462 

excitability (Hagenston et al., 2008). Indeed, aged pyramidal neurons release more Ca2+ from intracellular 463 

stores than neurons from young adults after stimulation with an agonist of Group I mGluRs (McQuail et al., 464 

2013). Therefore, impaired Group I mGluR function may reflect not only diminished contributions from mGluR5 465 

that support PFC neural function and working memory via NMDARs, but also a relative strengthening of 466 

contributions from mGluR1 linked to intracellular Ca2+ signaling that disrupts working memory (Arnsten et al., 467 

2012). 468 

To our knowledge, the only prior study to assess the effects of intra-PFC administration of mGluR 469 

ligands on working memory found that the mGluR2/3 agonist APDC dose-dependently impaired performance 470 

in rats performing a T-maze working memory task, whereas the mGluR2/3 antagonist LY341495 had no effect 471 

(Gregory et al., 2003). In contrast, the results of the current study showed that intra-PrL LY341495 impaired 472 

working memory accuracy, in the absence of effects on non-mnemonic aspects of task performance. The 473 

reasons for this apparent discrepancy between the two studies are unclear, although there were considerable 474 

methodological differences between the current study and that of Gregory et al. For example, the T-maze task 475 

employed by Gregory et al. (2003) likely engages medial temporal lobe mnemonic systems in addition to 476 

mPFC. Moreover, the target of mPFC infusions in that study may not have been restricted to the PrL subregion 477 

of mPFC as in the current report. Although additional studies in rats are needed to clarify the discrepancies 478 

between these two studies, it is notable that the current findings are in agreement with recent work by Jin et al. 479 

(2017) which assessed the effects of mGluR2/3 agonists in a non-human primate working memory task. These 480 

authors reported that low doses of mGluR 2/3 agonists enhanced both behavior and PFC electrophysiological 481 

signatures of working memory (Jin et al., 2017). In the context of the current findings, blocking glutamate 482 
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signaling via mGluR2/3 may impair working memory by altering regulation of extracellular glutamate levels, 483 

reducing modulation of ion channels in dendritic spines, or both. mGluR2/3 localizes to presynaptic terminals 484 

and glial processes where it regulates extracellular glutamate by inhibition of synaptic release (Tanabe et al., 485 

1993; Muly et al., 2007) or stimulation of glutamate transporters on glial processes (Aronica et al., 2003; Corti 486 

et al., 2007). Indeed, presynaptic/glial mGluR2/3 is a prime target to counter dysregulated PFC glutamate 487 

signaling observed in schizophrenia (Patil et al., 2007; Moghaddam and Javitt, 2012; Vinson and Conn, 2012). 488 

Drugs that produce pathologically elevated release of glutamate and asynchronous PFC neural activity, 489 

including ketamine, PCP and MK-801, are used widely to experimentally induce schizophrenia-like 490 

impairments in animal models, which are normalized by mGluR2/3 agonists (Moghaddam et al., 1997; 491 

Moghaddam and Adams, 1998; Lorrain et al., 2003; Jackson et al., 2004; Homayoun et al., 2005; Benneyworth 492 

et al., 2007; and reviewed in Maksymetz et al., 2017). Blocking mGluR2/3 recapitulates the excess 493 

extracellular glutamate produced by NMDAR antagonists which can, in turn, impair working memory (Dietrich 494 

et al., 2002; Xi et al., 2002). Parallel to regulation of extracellular glutamate are contributions from mGluR2/3 495 

on dendritic spines that modulate PFC neural excitability via influences on postsynaptic ion channels. 496 

Activation of mGluR2/3 opposes cAMP-PKA signaling in PFC neurons that reduces persistent firing and 497 

impairs working memory (Ramos et al., 2006; Wang et al., 2007; and reviewed in Arnsten et al., 2005, 2012). A 498 

recent series of studies determined that inhibiting cAMP-PKA signaling through activation of postsynaptic 499 

mGluRs with either a mixed mGluR2/3 agonist or a selective mGluR3 agonist is sufficient to enhance 500 

persistent PFC neuronal firing during performance of a working memory task (Jin et al., 2017, 2018). Also 501 

relevant to actions in postsynaptic spines is the capacity of mGluR2/3 to potentiate NMDAR function. 502 

Stimulation of mGluR2/3 in dissociated mPFC pyramidal neurons potentiates NMDAR currents, especially in 503 

those NMDAR complexes that contain an NR2A subunit (Tyszkiewicz et al., 2004). The latter finding is highly 504 

consequential to working memory as previous work from our lab has determined that glutamate signaling via 505 

NR2A-NMDARs, and not NR2B-NMDARs, is essential for working memory (McQuail et al., 2016). 506 

Furthermore, loss of NR2A, but not NR2B, in the mPFC is correlated with severity of working memory 507 

impairment in aging (McQuail et al., 2016). When viewed together, these data suggest that loss of mGluR2/3—508 

or possibly only mGluR3—can induce impaired regulation of glutamate signaling at both pre- and post-synaptic 509 
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locations and, further, may exacerbate NMDAR-mediated deficits that arise with aging or in neuropsychiatric 510 

disease. 511 

 512 

Possible therapeutic benefits of targeting mGluRs 5 and 2/3. 513 

Selective blockade of mGluR5 or mGluR2/3 in young PrL reliably recapitulates the age-related working 514 

memory impairments that are reliably observed across species (Oscar-Berman and Bonner, 1985; Dunnett et 515 

al., 1988; Rapp and Amaral, 1989; Bachevalier et al., 1991; Lamar and Resnick, 2004; Beas et al., 2013; 516 

Bañuelos et al., 2014; McQuail et al., 2016; Hernandez et al., 2017). In these studies, aged subjects perform 517 

comparably to their young counterparts at short delays, but are disproportionately impaired relative to young as 518 

the delay over which they must maintain information increases. The loss of mGluR5 and mGluR2/3 from the 519 

aged mPFC and their necessity for working memory has important implications for the treatment of cognitive 520 

impairments that accompany normal aging. Contemporaneous with decline of mGluRs, loss of NMDARs in the 521 

PFC is also an established feature of normal aging linked to working memory decline (Piggott et al., 1992; 522 

Mitchell and Anderson, 1998; Bai et al., 2004; Magnusson et al., 2005; Das and Magnusson, 2008; McQuail et 523 

al., 2016). Given their functional interactions, we can speculate that age-related changes to ionotropic and 524 

metabotropic glutamate receptors are inter-dependent features of dysregulated glutamate signaling 525 

contributing to age-related cognitive impairments. Strategies that target NMDARs yield, at best, moderate 526 

rescue of cognitive impairment in aged individuals (Baxter et al., 1994; Billard and Rouaud, 2007; Burgdorf et 527 

al., 2011; Panizzutti et al., 2014; McQuail et al., 2016). A shortcoming of NMDAR-directed treatments may be a 528 

failure to address concurrent age-related loss of mGluRs, which synergistically support glutamate signaling 529 

required for optimal working memory. Consequently, treatments that potentiate glutamate signaling via 530 

mGluR5 or mGluR2/3 separately or in concert with NMDAR-directed ligands are promising candidates to 531 

reverse age-related impairment of PFC-dependent cognition. Previous work showing positive effects of 532 

mGluR2/3 or mGluR3 agonists on PFC neural function and working memory, along with similar evidence from 533 

mGluR5 agonists, provides promising preliminary support for the notion that these receptors are viable 534 

therapeutic targets that can be leveraged to improve cognition (Ayala et al., 2009; Cleva and Olive, 2011; Jin et 535 

al., 2017, 2018). An important avenue of future research, however, will be determining whether modulation of 536 
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mGluRs that enhances cognition in young adults can reverse cognitive impairments caused by changes to 537 

glutamate signaling in the aged brain.    538 



 

23 
 

References 539 

Anderson JJ, Rao SP, Rowe B, Giracello DR, Holtz G, Chapman DF, Tehrani L, Bradbury MJ, Cosford NDP, 540 
Varney MA (2002) [3H]Methoxymethyl-3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine binding to 541 
metabotropic glutamate receptor subtype 5 in rodent brain: in vitro and in vivo characterization. J 542 
Pharmacol Exp Ther 303:1044–1051. 543 

Arnsten AFT, Ramos BP, Birnbaum SG, Taylor JR (2005) Protein kinase A as a therapeutic target for memory 544 
disorders: rationale and challenges. Trends Mol Med 11:121–128. 545 

Arnsten AFT, Wang MJ, Paspalas CD (2012) Neuromodulation of thought: flexibilities and vulnerabilities in 546 
prefrontal cortical network synapses. Neuron 76:223–239. 547 

Aronica E, Gorter JA, Ijlst-Keizers H, Rozemuller AJ, Yankaya B, Leenstra S, Troost D (2003) Expression and 548 
functional role of mGluR3 and mGluR5 in human astrocytes and glioma cells: opposite regulation of 549 
glutamate transporter proteins. Eur J Neurosci 17:2106–2118. 550 

Aultman JM, Moghaddam B (2001) Distinct contributions of glutamate and dopamine receptors to temporal 551 
aspects of rodent working memory using a clinically relevant task. Psychopharmacology (Berl) 552 
153:353–364. 553 

Ayala JE, Chen Y, Banko JL, Sheffler DJ, Williams R, Telk AN, Watson NL, Xiang Z, Zhang Y, Jones PJ, 554 
Lindsley CW, Olive MF, Conn PJ (2009) mGluR5 Positive Allosteric Modulators Facilitate both 555 
Hippocampal LTP and LTD and Enhance Spatial Learning. Neuropsychopharmacology 34:2057–2071. 556 

Bachevalier J, Landis LS, Walker LC, Brickson M, Mishkin M, Price DL, Cork LC (1991) Aged monkeys exhibit 557 
behavioral deficits indicative of widespread cerebral dysfunction. Neurobiol Aging 12:99–111. 558 

Baddeley AD (1986) Working memory. Oxford [Oxfordshire] : New York: Clarendon Press ; Oxford University 559 
Press. 560 

Bai L, Hof PR, Standaert DG, Xing Y, Nelson SE, Young AB, Magnusson KR (2004) Changes in the 561 
expression of the NR2B subunit during aging in macaque monkeys. Neurobiol Aging 25:201–208. 562 

Bañuelos C, Beas BS, McQuail JA, Gilbert RJ, Frazier CJ, Setlow B, Bizon JL (2014) Prefrontal cortical 563 
GABAergic dysfunction contributes to age-related working memory impairment. J Neurosci Off J Soc 564 
Neurosci 34:3457–3466. 565 

Baxter MG, Lanthorn TH, Frick KM, Golski S, Wan RQ, Olton DS (1994) D-cycloserine, a novel cognitive 566 
enhancer, improves spatial memory in aged rats. Neurobiol Aging 15:207–213. 567 

Beas BS, Setlow B, Bizon JL (2013) Distinct manifestations of executive dysfunction in aged rats. Neurobiol 568 
Aging 34:2164–2174. 569 

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical and powerful approach to 570 
multiple testing. J R Stat Soc Ser B Methodol 57:289–300. 571 

Benneyworth MA, Xiang Z, Smith RL, Garcia EE, Conn PJ, Sanders-Bush E (2007) A Selective Positive 572 
Allosteric Modulator of Metabotropic Glutamate Receptor Subtype 2 Blocks a Hallucinogenic Drug 573 
Model of Psychosis. Mol Pharmacol 72:477–484. 574 

Billard J-M, Rouaud E (2007) Deficit of NMDA receptor activation in CA1 hippocampal area of aged rats is 575 
rescued by D-cycloserine. Eur J Neurosci 25:2260–2268. 576 



 

24 
 

Bishop JR, Ellingrod VL (2007) Metabotropic Glutamate Receptor Genes as Candidates for Pharmacogenetic 577 
Studies of Current and Future Antipsychotic Agents in Schizophrenia. Curr Pharmacogenomics 5:21–578 
30. 579 

Bjarnadóttir TK, Gloriam DE, Hellstrand SH, Kristiansson H, Fredriksson R, Schiöth HB (2006) Comprehensive 580 
repertoire and phylogenetic analysis of the G protein-coupled receptors in human and mouse. 581 
Genomics 88:263–273. 582 

Burgdorf J, Zhang X, Weiss C, Matthews E, Disterhoft JF, Stanton PK, Moskal JR (2011) The N-methyl-d-583 
aspartate receptor modulator GLYX-13 enhances learning and memory, in young adult and learning 584 
impaired aging rats. Neurobiol Aging 32:698–706. 585 

Busse CS, Brodkin J, Tattersall D, Anderson JJ, Warren N, Tehrani L, Bristow LJ, Varney MA, Cosford NDP 586 
(2004) The behavioral profile of the potent and selective mGlu5 receptor antagonist 3-[(2-methyl-1,3-587 
thiazol-4-yl)ethynyl]pyridine (MTEP) in rodent models of anxiety. Neuropsychopharmacol Off Publ Am 588 
Coll Neuropsychopharmacol 29:1971–1979. 589 

Campbell UC, Lalwani K, Hernandez L, Kinney GG, Conn PJ, Bristow LJ (2004) The mGluR5 antagonist 2-590 
methyl-6-(phenylethynyl)-pyridine (MPEP) potentiates PCP-induced cognitive deficits in rats. 591 
Psychopharmacology (Berl) 175:310–318. 592 

Cassaday HJ, Nelson AJD, Pezze MA (2014) From attention to memory along the dorsal-ventral axis of the 593 
medial prefrontal cortex: some methodological considerations. Front Syst Neurosci 8:160. 594 

Chudasama Y, Muir JL (1997) A behavioural analysis of the delayed non-matching to position task: the effects 595 
of scopolamine, lesions of the fornix and of the prelimbic region on mediating behaviours by rats. 596 
Psychopharmacology (Berl) 134:73–82. 597 

Cleva RM, Olive MF (2011) Positive Allosteric Modulators of Type 5 Metabotropic Glutamate Receptors 598 
(mGluR5) and Their Therapeutic Potential for the Treatment of CNS Disorders. Molecules 16:2097–599 
2106. 600 

Corti C, Battaglia G, Molinaro G, Riozzi B, Pittaluga A, Corsi M, Mugnaini M, Nicoletti F, Bruno V (2007) The 601 
Use of Knock-Out Mice Unravels Distinct Roles for mGlu2 and mGlu3 Metabotropic Glutamate 602 
Receptors in Mechanisms of Neurodegeneration/Neuroprotection. J Neurosci 27:8297–8308. 603 

Corti C, Xuereb JH, Crepaldi L, Corsi M, Michielin F, Ferraguti F (2011) Altered levels of glutamatergic 604 
receptors and Na+/K+ ATPase-α1 in the prefrontal cortex of subjects with schizophrenia. Schizophr 605 
Res 128:7–14. 606 

Crook JM, Akil M, Law BCW, Hyde TM, Kleinman JE (2002) Comparative analysis of group II metabotropic 607 
glutamate receptor immunoreactivity in Brodmann’s area 46 of the dorsolateral prefrontal cortex from 608 
patients with schizophrenia and normal subjects. Mol Psychiatry 7:157–164. 609 

Das SR, Magnusson KR (2008) Relationship between mRNA expression of splice forms of the zeta1 subunit of 610 
the N-methyl-D-aspartate receptor and spatial memory in aged mice. Brain Res 1207:142–154. 611 

Davis MJ, Iancu OD, Acher FC, Stewart BM, Eiwaz MA, Duvoisin RM, Raber J (2013) Role of mGluR4 in 612 
acquisition of fear learning and memory. Neuropharmacology 66:365–372. 613 

Deschwanden A, Karolewicz B, Feyissa AM, Treyer V, Ametamey SM, Johayem A, Burger C, Auberson YP, 614 
Sovago J, Stockmeier CA, Buck A, Hasler G (2011) Reduced Metabotropic Glutamate Receptor 5 615 
Density in Major Depression Determined by [11C]ABP688 Positron Emission Tomography and 616 
Postmortem Study. Am J Psychiatry 168:727–734. 617 



 

25 
 

Dietrich D, Kral T, Clusmann H, Friedl M, Schramm J (2002) Presynaptic group II metabotropic glutamate 618 
receptors reduce stimulated and spontaneous transmitter release in human dentate gyrus. 619 
Neuropharmacology 42:297–305. 620 

Dunnett SB, Evenden JL, Iversen SD (1988) Delay-dependent short-term memory deficits in aged rats. 621 
Psychopharmacology (Berl) 96:174–180. 622 

Ferraguti F, Shigemoto R (2006) Metabotropic glutamate receptors. Cell Tissue Res 326:483–504. 623 

Frank E, Newell KA, Huang X-F (2011) Density of metabotropic glutamate receptors 2 and 3 (mGluR2/3) in the 624 
dorsolateral prefrontal cortex does not differ with schizophrenia diagnosis but decreases with age. 625 
Schizophr Res 128:56–60. 626 

Ghose S, Gleason KA, Potts BW, Lewis-Amezcua K, Tamminga CA (2009) Differential expression of 627 
metabotropic glutamate receptors 2 and 3 in schizophrenia: a mechanism for antipsychotic drug action? 628 
Am J Psychiatry 166:812–820. 629 

Gilmartin MR, Miyawaki H, Helmstetter FJ, Diba K (2013) Prefrontal activity links nonoverlapping events in 630 
memory. J Neurosci Off J Soc Neurosci 33:10910–10914. 631 

Goldman-Rakic PS (1995) Cellular basis of working memory. Neuron 14:477–485. 632 

Goldman-Rakic PS (1996) Regional and cellular fractionation of working memory. Proc Natl Acad Sci U S A 633 
93:13473–13480. 634 

Gravius A, Pietraszek M, Dekundy A, Danysz W (2010) Metabotropic glutamate receptors as therapeutic 635 
targets for cognitive disorders. Curr Top Med Chem 10:187–206. 636 

Gregory ML, Stech NE, Owens RW, Kalivas PW (2003) Prefrontal group II metabotropic glutamate receptor 637 
activation decreases performance on a working memory task. Ann N Y Acad Sci 1003:405–409. 638 

Hagenston AM, Fitzpatrick JS, Yeckel MF (2008) MGluR-mediated calcium waves that invade the soma 639 
regulate firing in layer V medial prefrontal cortical pyramidal neurons. Cereb Cortex N Y N 1991 640 
18:407–423. 641 

Hernandez CM, Vetere LM, Orsini CA, McQuail JA, Maurer AP, Burke SN, Setlow B, Bizon JL (2017) Decline 642 
of prefrontal cortical-mediated executive functions but attenuated delay discounting in aged Fischer 643 
344 × brown Norway hybrid rats. Neurobiol Aging 60:141–152. 644 

Herremans AHJ, Hijzen TH, Welborn PFE, Olivier B, Slangen JL (1996) Effects of infusion of cholinergic drugs 645 
into the prefrontal cortex area on delayed matching to position performance in the rat. Brain Res 646 
711:102–111. 647 

Homayoun H, Jackson ME, Moghaddam B (2005) Activation of Metabotropic Glutamate 2/3 Receptors 648 
Reverses the Effects of NMDA Receptor Hypofunction on Prefrontal Cortex Unit Activity in Awake Rats. 649 
J Neurophysiol 93:1989–2001. 650 

Homayoun H, Moghaddam B (2006) Bursting of Prefrontal Cortex Neurons in Awake Rats is Regulated by 651 
Metabotropic Glutamate 5 (mGlu5) Receptors: Rate-dependent Influence and Interaction with NMDA 652 
Receptors. Cereb Cortex 16:93–105. 653 

Homayoun H, Stefani MR, Adams BW, Tamagan GD, Moghaddam B (2004) Functional Interaction Between 654 
NMDA and mGlu5 Receptors: Effects on Working Memory, Instrumental Learning, Motor Behaviors, 655 
and Dopamine Release. Neuropsychopharmacology 29:1259–1269. 656 



 

26 
 

Iscru E, Goddyn H, Ahmed T, Callaerts-Vegh Z, D’Hooge R, Balschun D (2013) Improved spatial learning is 657 
associated with increased hippocampal but not prefrontal long-term potentiation in mGluR4 knockout 658 
mice. Genes Brain Behav 12:615–625. 659 

Isherwood SN, Robbins TW, Nicholson JR, Dalley JW, Pekcec A (2017) Selective and interactive effects of D2 660 
receptor antagonism and positive allosteric mGluR4 modulation on waiting impulsivity. 661 
Neuropharmacology 123:249–260. 662 

Jackson ME, Homayoun H, Moghaddam B (2004) NMDA receptor hypofunction produces concomitant firing 663 
rate potentiation and burst activity reduction in the prefrontal cortex. Proc Natl Acad Sci U S A 664 
101:8467–8472. 665 

Jin LE, Wang M, Galvin VC, Lightbourne TC, Conn PJ, Arnsten AFT, Paspalas CD (2018) mGluR2 versus 666 
mGluR3 Metabotropic Glutamate Receptors in Primate Dorsolateral Prefrontal Cortex: Postsynaptic 667 
mGluR3 Strengthen Working Memory Networks. Cereb Cortex 28:974–987. 668 

Jin LE, Wang M, Yang S-T, Yang Y, Galvin VC, Lightbourne TC, Ottenheimer D, Zhong Q, Stein J, Raja A, 669 
Paspalas CD, Arnsten AFT (2017) mGluR2/3 mechanisms in primate dorsolateral prefrontal cortex: 670 
evidence for both presynaptic and postsynaptic actions. Mol Psychiatry 22:1615–1625. 671 

Kim D, Jeong H, Lee J, Ghim J-W, Her ES, Lee S-H, Jung MW (2016) Distinct Roles of Parvalbumin- and 672 
Somatostatin-Expressing Interneurons in Working Memory. Neuron 92:902–915. 673 

Kingston AE, Ornstein PL, Wright RA, Johnson BG, Mayne NG, Burnett JP, Belagaje R, Wu S, Schoepp DD 674 
(1998) LY341495 is a nanomolar potent and selective antagonist of group II metabotropic glutamate 675 
receptors. Neuropharmacology 37:1–12. 676 

Lamar M, Resnick SM (2004) Aging and prefrontal functions: dissociating orbitofrontal and dorsolateral 677 
abilities. Neurobiol Aging 25:553–558. 678 

Lecourtier L, Homayoun H, Tamagnan G, Moghaddam B (2007) Positive allosteric modulation of metabotropic 679 
glutamate 5 (mGlu5) receptors reverses N-Methyl-D-aspartate antagonist-induced alteration of 680 
neuronal firing in prefrontal cortex. Biol Psychiatry 62:739–746. 681 

Levin N, Kritman M, Maroun M, Akirav I (2017) Differential roles of the infralimbic and prelimbic areas of the 682 
prefrontal cortex in reconsolidation of a traumatic memory. Eur Neuropsychopharmacol 27:900–912. 683 

Lorrain DS, Baccei CS, Bristow LJ, Anderson JJ, Varney MA (2003) Effects of ketamine and N-methyl-D-684 
aspartate on glutamate and dopamine release in the rat prefrontal cortex: modulation by a group II 685 
selective metabotropic glutamate receptor agonist LY379268. Neuroscience 117:697–706. 686 

Magnusson KR, Bai L, Zhao X (2005) The effects of aging on different C-terminal splice forms of the 687 
zeta1(NR1) subunit of the N-methyl-d-aspartate receptor in mice. Brain Res Mol Brain Res 135:141–688 
149. 689 

Maksymetz J, Moran SP, Conn PJ (2017) Targeting metabotropic glutamate receptors for novel treatments of 690 
schizophrenia. Mol Brain 10:15. 691 

Mannaioni G, Marino MJ, Valenti O, Traynelis SF, Conn PJ (2001) Metabotropic glutamate receptors 1 and 5 692 
differentially regulate CA1 pyramidal cell function. J Neurosci Off J Soc Neurosci 21:5925–5934. 693 

Matosin N, Frank E, Deng C, Huang X-F, Newell KA (2013) Metabotropic glutamate receptor 5 binding and 694 
protein expression in schizophrenia and following antipsychotic drug treatment. Schizophr Res 695 
146:170–176. 696 



 

27 
 

McOmish CE, Pavey G, Gibbons A, Hopper S, Udawela M, Scarr E, Dean B (2016) Lower [3H]LY341495 697 
binding to mGlu2/3 receptors in the anterior cingulate of subjects with major depressive disorder but not 698 
bipolar disorder or schizophrenia. J Affect Disord 190:241–248. 699 

McQuail JA, Bañuelos C, LaSarge CL, Nicolle MM, Bizon JL (2012) GABAB receptor GTP-binding is 700 
decreased in the prefrontal cortex but not the hippocampus of aged rats. Neurobiol Aging 33:1124.e1-701 
1124.e12. 702 

McQuail JA, Beas BS, Kelly KB, Simpson KL, Frazier CJ, Setlow B, Bizon JL (2016) NR2A-Containing 703 
NMDARs in the Prefrontal Cortex Are Required for Working Memory and Associated with Age-Related 704 
Cognitive Decline. J Neurosci Off J Soc Neurosci 36:12537–12548. 705 

McQuail JA, Davis KN, Miller F, Hampson RE, Deadwyler SA, Howlett AC, Nicolle MM (2013) Hippocampal 706 
Gαq/11 but not Gαo-coupled receptors are altered in aging. Neuropharmacology 70:63–73. 707 

Mitchell JJ, Anderson KJ (1998) Age-related changes in [3H]MK-801 binding in the Fischer 344 rat brain. 708 
Neurobiol Aging 19:259–265. 709 

Moghaddam B, Adams B, Verma A, Daly D (1997) Activation of Glutamatergic Neurotransmission by 710 
Ketamine: A Novel Step in the Pathway from NMDA Receptor Blockade to Dopaminergic and Cognitive 711 
Disruptions Associated with the Prefrontal Cortex. J Neurosci 17:2921–2927. 712 

Moghaddam B, Adams BW (1998) Reversal of Phencyclidine Effects by a Group II Metabotropic Glutamate 713 
Receptor Agonist in Rats. Science 281:1349–1352. 714 

Moghaddam B, Javitt D (2012) From revolution to evolution: the glutamate hypothesis of schizophrenia and its 715 
implication for treatment. Neuropsychopharmacol Off Publ Am Coll Neuropsychopharmacol 37:4–15. 716 

Muly EC, Mania I, Guo J-D, Rainnie DG (2007) Group II metabotropic glutamate receptors in anxiety circuitry: 717 
correspondence of physiological response and subcellular distribution. J Comp Neurol 505:682–700. 718 

Niswender CM, Conn PJ (2010) Metabotropic glutamate receptors: physiology, pharmacology, and disease. 719 
Annu Rev Pharmacol Toxicol 50:295–322. 720 

Niswender CM, Jones CK, Lin X, Bubser M, Thompson Gray A, Blobaum AL, Engers DW, Rodriguez AL, Loch 721 
MT, Daniels JS, Lindsley CW, Hopkins CR, Javitch JA, Conn PJ (2016) Development and 722 
Antiparkinsonian Activity of VU0418506, a Selective Positive Allosteric Modulator of Metabotropic 723 
Glutamate Receptor 4 Homomers without Activity at mGlu2/4 Heteromers. ACS Chem Neurosci 724 
7:1201–1211. 725 

Novitskaya YA, Dravolina OA, Zvartau EE, Danysz W, Bespalov AY (2010) Interaction of Blockers of Ionotropic 726 
NMDA Receptors and Metabotropic Glutamate Receptors in a Working Memory Test in Rats. Neurosci 727 
Behav Physiol 40:807–811. 728 

Okamoto N, Hori S, Akazawa C, Hayashi Y, Shigemoto R, Mizuno N, Nakanishi S (1994) Molecular 729 
characterization of a new metabotropic glutamate receptor mGluR7 coupled to inhibitory cyclic AMP 730 
signal transduction. J Biol Chem 269:1231–1236. 731 

Oscar-Berman M, Bonner RT (1985) Matching- and delayed matching-to-sample performance as measures of 732 
visual processing, selective attention, and memory in aging and alcoholic individuals. Neuropsychologia 733 
23:639–651. 734 

Panizzutti R, Scoriels L, Avellar M (2014) The co-agonist site of NMDA-glutamate receptors: a novel 735 
therapeutic target for age-related cognitive decline. Curr Pharm Des 20:5160–5168. 736 



 

28 
 

Patil ST, Zhang L, Martenyi F, Lowe SL, Jackson KA, Andreev BV, Avedisova AS, Bardenstein LM, Gurovich 737 
IY, Morozova MA, Mosolov SN, Neznanov NG, Reznik AM, Smulevich AB, Tochilov VA, Johnson BG, 738 
Monn JA, Schoepp DD (2007) Activation of mGlu2/3 receptors as a new approach to treat 739 
schizophrenia: a randomized Phase 2 clinical trial. Nat Med 13:1102–1107. 740 

Paxinos G, Watson C (2005) The Rat Brain in Stereotaxic Coordinates. Elsevier Academic Press. 741 

Piggott MA, Perry EK, Perry RH, Court JA (1992) [3H]MK-801 binding to the NMDA receptor complex, and its 742 
modulation in human frontal cortex during development and aging. Brain Res 588:277–286. 743 

Ramos BP, Stark D, Verduzco L, Dyck CH van, Arnsten AFT (2006) α2A-adrenoceptor stimulation improves 744 
prefrontal cortical regulation of behavior through inhibition of cAMP signaling in aging animals. Learn 745 
Mem 13:770–776. 746 

Rapp PR, Amaral DG (1989) Evidence for task-dependent memory dysfunction in the aged monkey. J 747 
Neurosci Off J Soc Neurosci 9:3568–3576. 748 

Sansig G et al. (2001) Increased seizure susceptibility in mice lacking metabotropic glutamate receptor 7. J 749 
Neurosci Off J Soc Neurosci 21:8734–8745. 750 

Seamans JK, Floresco SB, Phillips AG (1995) Functional differences between the prelimbic and anterior 751 
cingulate regions of the rat prefrontal cortex. Behav Neurosci 109:1063–1073. 752 

Sidiropoulou K, Lu F-M, Fowler MA, Xiao R, Phillips C, Ozkan ED, Zhu MX, White FJ, Cooper DC (2009) 753 
Dopamine modulates an mGluR5-mediated depolarization underlying prefrontal persistent activity. Nat 754 
Neurosci 12:190–199. 755 

Sierra-Mercado D, Padilla-Coreano N, Quirk GJ (2011) Dissociable roles of prelimbic and infralimbic cortices, 756 
ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear. 757 
Neuropsychopharmacol Off Publ Am Coll Neuropsychopharmacol 36:529–538. 758 

Sloan HL, Good M, Dunnett SB (2006) Double dissociation between hippocampal and prefrontal lesions on an 759 
operant delayed matching task and a water maze reference memory task. Behav Brain Res 171:116–760 
126. 761 

Storey JD, Tibshirani R (2003) Statistical significance for genomewide studies. Proc Natl Acad Sci 100:9440–762 
9445. 763 

Tanabe Y, Masu M, Ishii T, Shigemoto R, Nakanishi S (1992) A family of metabotropic glutamate receptors. 764 
Neuron 8:169–179. 765 

Tanabe Y, Nomura A, Masu M, Shigemoto R, Mizuno N, Nakanishi S (1993) Signal transduction, 766 
pharmacological properties, and expression patterns of two rat metabotropic glutamate receptors, 767 
mGluR3 and mGluR4. J Neurosci Off J Soc Neurosci 13:1372–1378. 768 

Timmer KM, Steketee JD (2012) Examination of a role for metabotropic glutamate receptor 5 in the medial 769 
prefrontal cortex in cocaine sensitization in rats. Psychopharmacology (Berl) 221:91–100. 770 

Tyszkiewicz JP, Gu Z, Wang X, Cai X, Yan Z (2004) Group II metabotropic glutamate receptors enhance 771 
NMDA receptor currents via a protein kinase C-dependent mechanism in pyramidal neurones of rat 772 
prefrontal cortex. J Physiol 554:765–777. 773 

Vertes RP (2004) Differential projections of the infralimbic and prelimbic cortex in the rat. Synap N Y N 51:32–774 
58. 775 



 

29 
 

Vertes RP (2006) Interactions among the medial prefrontal cortex, hippocampus and midline thalamus in 776 
emotional and cognitive processing in the rat. Neuroscience 142:1–20. 777 

Vinson PN, Conn PJ (2012) Metabotropic glutamate receptors as therapeutic targets for schizophrenia. 778 
Neuropharmacology 62:1461–1472. 779 

Walker DL, Rattiner LM, Davis M (2002) Group II metabotropic glutamate receptors within the amygdala 780 
regulate fear as assessed with potentiated startle in rats. Behav Neurosci 116:1075–1083. 781 

Wang M, Ramos BP, Paspalas CD, Shu Y, Simen A, Duque A, Vijayraghavan S, Brennan A, Dudley A, Nou E, 782 
Mazer JA, McCormick DA, Arnsten AFT (2007) α2A-Adrenoceptors Strengthen Working Memory 783 
Networks by Inhibiting cAMP-HCN Channel Signaling in Prefrontal Cortex. Cell 129:397–410. 784 

Wang M, Yang Y, Wang C-J, Gamo NJ, Jin LE, Mazer JA, Morrison JH, Wang X-J, Arnsten AFT (2013) NMDA 785 
receptors subserve persistent neuronal firing during working memory in dorsolateral prefrontal cortex. 786 
Neuron 77:736–749. 787 

Woźniak M, Acher F, Marciniak M, Lasoń-Tyburkiewicz M, Gruca P, Papp M, Pilc A, Wierońska JM (2016) 788 
Involvement of GABAB Receptor Signaling in Antipsychotic-like Action of the Novel Orthosteric Agonist 789 
of the mGlu4 Receptor, LSP4-2022. Curr Neuropharmacol 14:413–426. 790 

Xi Z-X, Baker DA, Shen H, Carson DS, Kalivas PW (2002) Group II Metabotropic Glutamate Receptors 791 
Modulate Extracellular Glutamate in the Nucleus Accumbens. J Pharmacol Exp Ther 300:162–171. 792 

  793 



 

30 
 

Figure Captions 794 

 795 

Figure 1. Schematic of delayed response working memory task. Each trial of the delayed response task 796 

includes three phases. During the “sample phase”, one lever (left or right, pseudo-randomly varied between 797 

pairs of trials) is extended into the chamber. The rat must press the extended lever to enter the variable 798 

duration “delay phase” (delays are pseudo-randomly varied from 0-24 seconds within each block of 7 trials). 799 

During the delay, the rat must nosepoke continuously into the centrally located food. The first nose poke 800 

emitted after the expiration of the predetermined delay timer initiates the “choice phase” wherein both levers 801 

(left and right) are extended into the chamber. The rat must remember and press the same lever that was 802 

extended during the “sample phase” to receive a food reward (a 45 mg food pellet) and this is scored as a 803 

correct choice. Pressing the other lever is scored as an incorrect choice and no food reward is delivered. 804 

 805 

Figure 2. Metabotropic glutamate receptor protein levels in mPFC of young and aged rats. A: 806 

Representative images of immuno-reactive bands detected using mGluR subtype-selective antibodies in whole 807 

mPFC membrane homogenates prepared from young and aged rats. B: Group I mGluRs (in blue). The protein 808 

level of mGluR5, but not mGluR1, was significantly lower in the mPFC of aged rats compared to young adults 809 

(*p<0.05 vs young). C: Group II mGluRs (in red). The protein level of mGluR2/3 was significantly lower in the 810 

mPFC of aged rats compared to young adults (*p<0.05 vs young). D: Group III mGluRs (in green). There were 811 

no significant changes to the protein levels of group III mGluRs of aged rats compared to young adults (p>0.05 812 

vs young). B-D: Mean protein level (transformed to “% of Young” after normalizing integrated intensity to -813 

tubulin, y-axis; see Table 2 for normalized, untransformed data) is plotted as a function of mGluR subtype (x-814 

axis) and age group (separate bars; n=7-8 young and n=15 aged). Points represent values for individual rats 815 

and bars represent group means. 816 

 817 

Figure 3. Metabotropic glutamate receptor gene transcript expression in the PrL and IL of young and 818 

aged rats.  A: Group I mGluRs (in blue). Expression of GRM5, but not GRM1, was significantly lower in the 819 

prelimbic (PrL) subregion of aged rats compared to young adults (**p<0.01 vs young). B: Group II mGluRs (in 820 

red). Expression of GRM3, but not GRM2, was significantly lower in the PrL of aged rats compared to young 821 

adults (**p<0.01 vs young). C: Group III mGluRs (in green). Expression of GRM4, but not GRM7 or GRM8, 822 

was significantly lower in the PrL of aged rats compared to young adults (**p<0.01 vs young). D-F: Gene 823 

expression was not significantly different between young adult and aged rats in the infralimbic (IL) subregion. 824 

In all panels, mean gene expression (transformed to “% of Young” after normalizing raw Ct values to RPLP1; y-825 

axis) is plotted as a function of gene (x-axis) and age group (separate bars; n=6 young and n=12 aged). Points 826 

represent values for individual rats and bars represent group means. 827 
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 828 

Figure 4. Effect of micro-infusing MTEP (mGluR5 antagonist) into prelimbic cortex on performance in 829 

the delayed response working memory task. A: Histologically verified placements of injector tips used to 830 

micro-infuse the mGluR5 antagonist MTEP into the prelimbic cortex of young adult rats prior to testing in the 831 

delayed response task (n=7 young rats). B: Micro-infusion of 0.3 μg MTEP significantly reduced choice 832 

accuracy relative to vehicle (n=7; *p<0.05 vs vehicle, main effect of dose). C: Post hoc analysis comparing 0.3 833 

μg dose of MTEP to vehicle. The 0.3 μg dose of MTEP impaired performance across all delays in all rats 834 

compared to vehicle performance, p<0.001. D: The 0.3 μg dose of MTEP impaired performance at long delays 835 

(12-24 seconds) in all rats compared to vehicle performance. E: The number of trials completed did not change 836 

as a function of MTEP dose. In A, placements are mapped to standardized coronal sections corresponding to 837 

+2.70 mm and +3.20 mm from bregma according to the atlas of Paxinos and Watson (2005). In B, mean 838 

choice accuracy (y-axis) is plotted as a function of delay (x-axis) and dose (symbols/lines; refer to legend for 839 

specific dose). In C and D, mean choice accuracy (collapsed across all delays in C and long delays (12-24s) in 840 

D; y-axis) is plotted as a function of the 0.3 μg dose of MTEP (x-axis; symbols/lines). Error bars represent the 841 

standard error of the mean (SEM). 842 

 843 

 844 

Figure 5. Effect of micro-infusing LY341495 (mGluR2/3 antagonist) into prelimbic cortex on 845 

performance in the delayed response working memory task. A: Histologically verified placements of 846 

injector tips used to micro-infuse the mGluR2/3 antagonist LY341495 into the prelimbic cortex of young adult 847 

rats prior to testing in the delayed response task (n=10 young rats). B: Microinfusion of LY341495 significantly 848 

reduced choice accuracy relative to vehicle at all doses tested (n=10; *p<0.05 vs vehicle, main effect of dose; 849 
#p<0.05 vs vehicle, dose × delay interaction). C: Post hoc analysis comparing 500 ng dose of LY341495 to 850 

vehicle. The 500 ng dose impaired performance across all delays in all rats compared to vehicle performance, 851 

p<0.01. D: Micro-infusion of 500 ng LY341495 impaired performance at long delays (12-24 seconds) 852 

compared to vehicle performance.  E: The number of trials completed did not change as a function of dose. In 853 

A, placements are mapped to standardized coronal sections corresponding to +2.70 mm and +3.20 mm from 854 

bregma according to the atlas of Paxinos and Watson (2005). In B, mean choice accuracy (y-axis) is plotted as 855 

a function of delay (x-axis) and dose (symbols/lines; refer to legend for specific dose). In C and D, mean choice 856 

accuracy (collapsed across all delays in C and long delays (12-24s) in D; y-axis) is plotted as a function of the 857 

500 ng dose of LY341495 (x-axis; symbols/lines). Error bars represent the standard error of the mean (SEM). 858 
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Tables 860 

Table 1. Antibodies used for immunoblotting 861 

Primary Antibody Made in Supplier Part No. Dilution Secondary Antibody (dilution)* 

anti-mGluR1 Rb Millipore 07-617 1:500 
Dk anti-Rb IRDye 700 

(1:20,000) 

anti-mGluR5 Ms Millipore MABN540 1:500 
Dk anti-Ms IRDye 800 

(1:15,000) 

anti-mGluR2/3 Rb Millipore 06-676 1:1,000 
Dk anti-Rb IRDye 700 

(1:20,000) 

anti-mGluR4 Rb Millipore AB15097 1:1,000 
Dk anti-Rb IRDye 800 

(1:15,000) 

anti-mGluR7 Gt abcam ab85343 1:1,000 
Dk anti-Gt IRDye 700 

(1:20,000) 

anti-mGluR8 Gt Santa Cruz Biotech sc-30300 1:500 
Dk anti-Gt IRDye 800 

(1:15,000) 

anti-α-tubulin Ck Sigma-Aldrich SAB3500023 1:2,000 
Dk anti-Ck IRDye 700 

(1:20,000) 

Ck=Chicken, Dk=Donkey, Gt=Goat, Ms=Mouse, 
Rb=Rabbit 
*All secondary antibodies were purchased from LI-COR Bioscience 
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Table 2. Age effects on protein levels in the mPFC. 864 

Protein Normalized Protein values (untransformed)  from young  t(20-21), p value 
 Young Aged   

mGluR1 20307.25 ± 4395.02 29617.20 ± 3327.26 9309.95 t(21)=-1.67,  p=0.110 

mGluR5 82644.20 ± 10450.19 59508.56 ± 4488.32 -23135.65  t(20)=2.407, p=0.026 

mGluR2/3 725810.54 ± 119325.75 498933.86 ± 36495.67 -226876.68 t(20)=2.366,  p=0.028 

mGluR4 50511.34 ± 3501.51 46345.35 ± 3556.84 -4165.99 t(21)=0.754,  p=0.459 

mGluR7 1389307.48 ± 141709.53 1199490.29 ± 96296.40 -189817.20 t(21)=1.134,  p=0.270 

mGluR8 5268.93 ± 941.36 6971.13 ± 565.52 1702.20 t(21)=-1.649,  p=0.114 

Red denotes statistical significance 865 

 866 

Table 3. Age effects on gene expression in the PrL and the IL. 867 

Gene Subregion Normalized RNA values (untransformed)  from 
young  

t(16),p value 

  Young Aged   

GRM1 PrL 
IL 

0.002235 ± 0.000978 
0.002033 ± 0.000908 

0.001937 ± 0.000645 
0.001286 ± 0.000427 

-0.000299 
-0.000747 

t(16)=0.261,  p=0.798 
t(16)=-0.854, p=0.406 

GRM5 PrL 
IL 

0.054026 ± 0.007805 
0.041180 ± 0.010800 

0.028365 ± 0.004163  
0.041917 ± 0.009986 

-0.025661 
0.000737 

t(16)=3.200, p=0.006 
t(16)=-0.046, p=0.964 

GRM2 PrL 
IL 

0.028930 ± 0.004422 
0.013810 ± 0.002117 

0.021187 ± 0.003913 
0.014570 ± 0.002094 

-0.007744 
0.000760 

t(16)=1.213,  p=0.243 
t(16)=-0.230,  p=0.823 

GRM3 PrL 
IL 

0.056213 ± 0.004957 
0.041953 ± 0.007275 

0.032051 ± 0.005106 
0.050947 ± 0.010043 

-0.024162 
0.008994 

t(16)=2.990,  p=0.009 
t(16)=-0.589, p=0.479 

GRM4 PrL 
IL 

0.009190 ± 0.001015 
0.006980 ± 0.001232 

0.005563 ± 0.000669 
0.008730 ± 0.001687 

-0.003627 
0.001750 

t(16)=3.058,  p=0.008 
t(16)=-0.682, p=0.505 

GRM7 PrL 
IL 

0.040217 ± 0.005571 
0.029601 ± 0.007437 

0.025655 ± 0.004430 
0.033461 ± 0.007364 

-0.014562 
0.003861 

t(16)=1.963,  p=0.067 
t(16)=-0.329, p=0.746 

GRM8 PrL 
IL 

0.016475 ± 0.002306 
0.010927 ± 0.002872 

0.010738 ± 0.001938 
0.014094 ± 0.003378 

-0.005737 
0.003167 

t(16)=1.793,  p=0.092 
t(16)=-0.605, p=0.554 

Red denotes genes that met FDR  868 
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Table 4. Effects of MTEP (mGluR5 antagonist) on response latencies  869 

Response Latency Dose Mean (ms) Std. Error N 

Sample Phase 
F(3,18)=1.149, p=0.356 

Vehicle 1729.74 103.44 7 
0.1 μg 2213.25 388.26 7 
0.3 μg 2422.28 305.92 7 
1.0 μg 1893.21 224.53 7 

Matching Phase 
F(3,18)=2.55, p=0.088 

Vehicle 1013.31 82.56 7 
0.1 μg 1014.81 90.96 7 
0.3 μg 1017.94 66.11 7 
1.0 μg 942.91 91.39 7 

 870 

Table 5. Effects of LY341495 (mGluR2/3 antagonist) on response latencies 871 

Response Latency Dose Mean (ms) Std. Error N 

Sample Phase 
F(3,27)=2.017, p=0.185 

Vehicle 1915.99 447.33 10 
5 ng 3014.86 971.06 10 
50 ng 2948.58 1379.83 10 

500 ng 4907.86 2351.06 10 

Matching Phase 
F(3,27)=1.0, p=0.408 

Vehicle 1059.35 106.66 10 
5 ng 1191.25 120.88 10 
50 ng 1108.37 83.11 10 

500 ng 1173.37 104.58 10 
 872 

 873 

  874 
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Table 6. Summary of Statistical Analyses 875 

 Measure Factor(s) Level(s) 

Data structure: 
Normality tests 
Kolmogorov-

Smirnov  
(t-Test); 

Mauchly's 
sphericity 
(ANOVAs) 

Type of test Statistical 
value p value 

Effect Size: 
Cohen's d 
(t-Test);  

Partial Eta2 

(ANOVA) 

Observed 
Power 

a 
mGluR1  
Protein Level  
in whole mPFC 

Age 2 Normal t-Test  
(FDR-corrected) t=-1.670 0.110 0.740 0.380 

b 
mGluR5  
Protein Level  
in whole mPFC 

Age 2 Normal t-Test  
(FDR-corrected) t=2.407 0.026 1.000 0.449 

c 
mGluR2/3  
Protein Level  
in whole mPFC 

Age 2 Normal t-Test  
(FDR-corrected) t=2.366 0.028 0.928 0.350 

d 
mGluR4  
Protein Level  
in whole mPFC 

Age 2 Normal t-Test  
(FDR-corrected) t=0.754 0.459 0.347 0.064 

e 
mGluR7  
Protein Level  
in whole mPFC 

Age 2 Normal t-Test  
(FDR-corrected) t=1.134 0.270 0.490 0.192 

f 
mGluR8  
Protein Level  
in whole mPFC 

Age 2 Normal t-Test  
(FDR-corrected) t=-1.650 0.114 0.698 0.310 

g 
GRM1  
Gene Expression  
in PrL  

Age 2 Normal t-Test  
(FDR-corrected) t=0.261 0.798 0.129 0.058 

h 
GRM5  
Gene Expression  
in PrL 

Age 2 Normal t-Test  
(FDR-corrected) t=3.200 0.006 1.515 0.767 

i 
GRM2  
Gene Expression  
in PrL 

Age 2 Normal t-Test  
(FDR-corrected) t=1.213 0.243 0.631 0.209 

j 
GRM3  
Gene Expression  
in PrL 

Age 2 Normal t-Test  
(FDR-corrected) t=2.990 0.009 1.593 0.781 

k 
GRM4  
Gene Expression  
in PrL 

Age 2 Normal t-Test  
(FDR-corrected) t=3.058 0.008 1.509 0.831 

l 
GRM7  
Gene Expression  
in PrL 

Age 2 Normal t-Test  
(FDR-corrected) t=1.963 0.067 1.002 0.476 

m 
GRM8  
Gene Expression  
in PrL 

Age 2 Normal t-Test  
(FDR-corrected) t=1.793 0.092 0.923 0.402 

n 
GRM1  
Gene Expression  
in IL 

Age 2 Non-Normal t-Test  
(FDR-corrected) t=-0.854 0.406 0.395 0.103 

o 
GRM5  
Gene Expression  
in IL 

Age 2 Normal t-Test  
(FDR-corrected) t=-0.046 0.964 0.024 0.051 

p 
GRM2  
Gene Expression  
in IL 

Age 2 Normal t-Test  
(FDR-corrected) t=-0.228 0.823 0.121 0.055 

q 
GRM3  
Gene Expression  
in IL 

Age 2 Normal t-Test  
(FDR-corrected) t=-0.589 0.479 0.325 0.082 

r 
GRM4  
Gene Expression  
in IL 

Age 2 Normal t-Test  
(FDR-corrected) t=-0.682 0.505 0.376 0.093 
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s 
GRM7  
Gene Expression  
in IL 

Age 2 Normal t-Test  
(FDR-corrected) t=-0.329 0.746 0.174 0.061 

t 
GRM8  
Gene Expression  
in IL 

Age 2 Normal t-Test  
(FDR-corrected) t=-0.605  0.554 0.328 0.085 

u 
MTEP  
Choice Accuracy  
(All Doses) 

Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=3.176 0.049 0.364 0.634 

Dose by Delay 4*7 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=1.096 0.366 0.154 0.720 

Delay 7 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=87.404 0.000 0.936 1.000 

v 
MTEP  
Choice Accuracy  
(0.1μg Dose) 

Dose 2 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=2.44 0.639 0.039 0.070 

Dose by Delay 2*7 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=0.765 0.602 0.113 0.262 

Delay 7 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=56.882 0.000 0.905 1.000 

w 
MTEP  
Choice Accuracy  
(0.3μg Dose) 

Dose 2 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=54.178 0.000 0.900 1.000 

Dose by Delay 2*7 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=1.388 0.246 0.188 0.471 

Delay 7 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=55.700 0.000 0.903 1.000 

x 
MTEP  
Choice Accuracy  
(1.0μg Dose) 

Dose 2 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=0.024 0.882 0.004 0.052 

Dose by Delay 2*7 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=1.186 0.336 0.165 0.404 

Delay 7 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=28.045 0.000 0.824 1.000 

y MTEP Trials Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=0.571 0.642 0.087 0.145 

z 
MTEP  
Response Latency  
(Matching Phase) 

Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=2.550 0.088 0.298 0.531 

aa 
MTEP  
Response Latency  
(Sample Phase) 

Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=1.149 0.356 0.161 0.257 

bb 

MTEP  
Carry-over effects  
(Washout Days, All 
Doses) 

Day 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=0.239 0.868 0.038 0.087 

cc 
MTEP  
Injections  
(All Doses) 

Injection 4 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=1.205 0.334 0.167 0.269 

dd 
LY341495  
Choice Accuracy  
(All Doses) 

Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=4.778 0.008 0.347 0.853 
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Dose by Delay 4*7 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=2.083 0.009 0.188 0.978 

Delay 7 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=49.091 0.000 0.845 1.000 

ee 
LY341495  
Choice Accuracy  
(5ng Dose) 

Dose 2 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=0.570 0.470 0.060 0.104 

Dose by Delay 2*7 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=2.834 0.018 0.239 0.847 

Delay 7 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=29.521 0.000 0.766 1.000 

ff 
LY341495  
Choice Accuracy  
(50ng Dose) 

Dose 2 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=1.895 0.202 0.174 0.234 

Dose by Delay 2*7 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=2.887 0.029 0.243 0.855 

Delay 7 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=41.188 0.000 0.821 1.000 

gg 
LY341495  
Choice Accuracy  
(500ng Dose) 

Dose 2 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=14.911 0.004 0.624 0.929 

Dose by Delay 2*7 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=1.793 0.118 0.166 0.623 

Delay 7 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=37.902 0.000 0.808 1.000 

hh 
LY341495  
Choice Accuracy  
(0s Delay) 

Dose 4 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=0.617 0.512 0.064 0.124 

ii 
LY341495  
Choice Accuracy  
(2s Delay) 

Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=0.527 0.668 0.055 0.143 

jj 
LY341495  
Choice Accuracy  
(4s Delay) 

Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=0.267 0.848 0.029 0.094 

kk 
LY341495  
Choice Accuracy  
(8s Delay) 

Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=2.239 0.107 0.199 0.504 

ll 
LY341495  
Choice Accuracy  
(12s Delay) 

Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=2.911 0.053 0.244 0.627 

mm 
LY341495  
Choice Accuracy  
(18s Delay) 

Dose 
(All doses) 4 Sphericity 

Assumed 
Repeated Measures 
ANOVA F=5.009 0.007 0.358 0.870 

Dose 
(Veh vs 5ng) 2 Normal 

Post-hoc  
paired-samples 
t-Test  
(Dunnett-corrected) 

t=2.501 0.034 0.945 0.260 
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Dose 
(Veh vs 50ng) 2 Normal 

Post-hoc  
paired-samples 
t-Test  
(Dunnett-corrected) 

t=3.212 0.011 0.956 0.265 

Dose 
(Veh vs 500ng) 2 Normal 

Post-hoc  
paired-samples 
t-Test  
(Dunnett-corrected) 

t=2.596 0.029 1.069 0.318 

nn 
LY341495  
Choice Accuracy  
(24s Delay) 

Dose 
(All doses) 4 Sphericity 

Assumed 
Repeated Measures 
ANOVA F=3.57 0.027 0.284 0.725 

Dose 
(Veh vs 5ng) 2 Normal 

Post-hoc  
paired-samples 
t-Test  
(Dunnett-corrected) 

t=-1.041 0.325 0.364 0.073 

Dose 
(Veh vs 50ng) 2 Normal 

Post-hoc  
paired-samples 
t-Test  
(Dunnett-corrected) 

t=-0.347 0.736 0.146 0.039 

Dose 
(Veh vs 500ng) 2 Normal 

Post-hoc  
paired-samples 
t-Test  
(Dunnett-corrected) 

t=2.402 0.040 0.778 0.190 

oo LY341495 Trials Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=2.422 0.088 0.212 0.540 

pp 
LY341495 
Response Latency 
(Matching Phase) 

Dose 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=1.000 0.408 0.100 0.242 

qq 
LY341495 
Response Latency  
(Sample Phase) 

Dose 4 
Sphericity 
Violated: Huynh-
Feldt Corrected 

Repeated Measures 
ANOVA F=2.017 0.185 0.183 0.460 

rr 

LY341495  
Carry-over effects  
(Washout Days, All 
Doses) 

Day 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=1.341 0.282 0.130 0.316 

ss 
LY341495 
Injections   
(All Doses) 

Injection 4 Sphericity 
Assumed 

Repeated Measures 
ANOVA F=0.276 0.842 0.030 0.096 

  876 
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