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Abstract

Ionotropic glutamate receptors of the NMDA and AMPA subtypes transduce excitatory signaling 

on neurons in the prefrontal cortex (PFC) in support of cognitive flexibility. Cognitive flexibility 

is reliably observed to decline at advanced ages, coinciding with changes in PFC glutamate 

receptor expression and neuronal physiology. However, the relationship between age-related 

impairment of cognitive flexibility and changes to excitatory signaling on distinct classes of 

PFC neurons is not known. In this study, one cohort of young adult (4 months) and aged (20 

months) male F344 rats were characterized for cognitive flexibility on an operant set-shifting task. 

Expression of the essential NMDAR subunit, NR1, was correlated with individual differences in 

set-shifting abilities such that lower NR1 in the aged PFC was associated with worse set-shifting. 

In contrast, lower expression of two AMPAR subunits, GluR1 and GluR2, was not associated with 

set-shift abilities in aging. As NMDARs are expressed by both pyramidal cells and fast-spiking 

Correspondence: Joseph A. McQuail, Ph.D., Department of Pharmacology, Physiology and Neuroscience, University of South 
Carolina School of Medicine, Columbia, SC 29208, Joseph.McQuail@uscmed.sc.edu, (803) 216-3528.
CREDIT Author Statement
Joseph A. McQuail: Conceptualization, Investigation, Visualization, Formal analysis, Writing – Original Draft, Writing – Review & 
Editing; B. Sofia Beas: Investigation, Visualization, Writing – Review & Editing; Kyle B. Kelly: Investigation, Visualization, Writing 
– Review & Editing; Caesar M. Hernandez: Investigation, Writing – Review & Editing; Jennifer L. Bizon: Conceptualization, 
Funding Acquisition, Supervision, Writing – Review & Editing; C. Jason Frazier: Conceptualization, Supervision, Visualization, 
Formal analysis, Writing – Review & Editing.

The authors declare no competing financial interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuropharmacology. Author manuscript; available in PMC 2022 October 01.

Published in final edited form as:
Neuropharmacology. 2021 October 01; 197: 108720. doi:10.1016/j.neuropharm.2021.108720.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interneurons (FSI) in PFC, whole-cell patch clamp recordings were performed in a second cohort 

of age-matched rats to compare age-associated changes on these neuronal subtypes. Evoked 

excitatory postsynaptic currents were generated using a bipolar stimulator while AMPAR vs. 

NMDAR-mediated components were isolated using pharmacological tools. The results revealed a 

clear increase in AMPA/NMDA ratio in FSIs that was not present in pyramidal neurons. Together, 

these data indicate that loss of NMDARs on interneurons in PFC contributes to age-related 

impairment of cognitive flexibility.

1. Introduction

Executive functions encompass higher-order cognitive processes that guide goal-directed 

behavior. Cognitive flexibility, the ability to modify behavioral strategies in accord with 

shifting contingencies, is an integral aspect of executive function that normally attains its 

maximal capacity in early adulthood, contemporaneous with the maturation of the prefrontal 

cortex (PFC; reviewed in (Diamond, 2013)). Advanced aging is characterized by a decline in 

cognitive flexibility, which can be assessed across species via “set-shifting” tasks (Barense 

et al., 2002; Beas et al., 2013; Boone et al., 1993; Floresco et al., 2008; Hernandez et 

al., 2017; Lacreuse et al., 2018; Moore et al., 2003; Nieves-Martinez et al., 2012; Rhodes, 

2004; Ridderinkhof et al., 2002; Tomm et al., 2018) and reviewed in (Bizon et al., 2012; 

McQuail et al., 2018). Attenuated N-methyl-D-aspartate receptor (NMDAR) signaling in 

aging may be one contributor to age-related cognitive deficits as acutely blocking NMDARs 

with MK-801, phencyclidine or ketamine reliably impairs set-shifting in young adult rats 

(Blot et al., 2015; Darrah et al., 2008; Egerton et al., 2005; Jett et al., 2017; Nikiforuk et 

al., 2010; Stefani et al., 2003; Stefani and Moghaddam, 2010, 2005). Consistent with this 

view, NMDARs are known to decline in PFC aging across humans and rats (Dickstein et al., 

2013; Dyall et al., 2007; Hellström-Lindahl and Court, 2000; Magnusson, 1998; Magnusson 

et al., 2007, 2005; Magnusson and Cotman, 1993; McQuail et al., 2016; Migani et al., 2000; 

Mitchell and Anderson, 1998; Piggott et al., 1992; Wenk et al., 1991). Critically, activation 

of PFC NMDARs during cognitively demanding tasks depends on permissive contributions 

from α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), which 

may also diminish with age and are implicated in cognitive flexibility (Jett et al., 2017; 

Magnusson and Cotman, 1993; McQuail et al., 2016; Stefani et al., 2003; Wang et al., 

2013). While these data make a compelling case that age-related changes in glutamatergic 

NMDARs and AMPARs contribute to cognitive dysfunction, relatively little is known about 

whether such changes are localized to specific types of neurons.

Non-competitive NMDAR antagonists that produce set-shifting deficits in rodent models are 

known to suppress activity of GABAergic interneurons in medial PFC (mPFC), resulting in 

increased, but desynchronized, activity of pyramidal neurons (Homayoun and Moghaddam, 

2007; Kargieman et al., 2007; Hervig et al., 2016). In particular, fast-spiking interneurons 

(FSIs) target and potently inhibit somatic compartments of pyramidal neurons, contributing 

to feedforward inhibition, gain control, and the generation of gamma oscillations (Bartos et 

al., 2007; Cardin et al., 2009; Cruikshank et al., 2012; Delevich et al., 2015; Doischer et 

al., 2008; Ferguson and Gao, 2018; Isaacson and Scanziani, 2011; Mann and Paulsen, 2007; 

Sohal et al., 2009). Consistent with a vital role for inhibitory regulation of PFC-dependent 
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cognitive flexibility, blocking GABAARs with their selective antagonist bicuculline impairs 

set-shifting whereas the GABABR agonist baclofen improves set-shifting in young adult rats 

(Enomoto et al., 2011; Beas et al., 2016). This relationship is conserved in the aging brain 

as intra-mPFC infusion of baclofen effectively reverses impaired set-shifting in aged rats 

(Beas et al., 2017). These cellular and behavioral pharmacology data are suggestive that 

diminished NMDAR signaling on aging FSIs may be particularly consequential to impaired 

cognitive flexibility. The goals of the present study were two-fold. Our first goal was to 

determine the relationship between individual differences in cognitive flexibility of aging 

rats and PFC protein levels of ionotropic glutamate receptor (iGluR) subunits. The second 

goal was to determine whether the relevant age-associated changes were specific to either 

PFC pyramidal neurons or FSIs.

2. Materials and Methods

2.1. Subjects

Young adult (4 months, n=23) and aged (22 months, n=27) male Fischer 344 (F344) rats 

were obtained from the National Institute on Aging’s Aging Rodent Colony maintained by 

Charles River Laboratories. All animals were housed in the Association for Assessment 

and Accreditation of Laboratory Animal Care International-accredited vivarium facility in 

the McKnight Brain Institute at the University of Florida. The facility was maintained at 

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

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

reviewed and approved by the University of Florida Institutional Animal Care and Use 

Committee and followed National Institutes of Health guidelines. Rats used for set-shifting 

and western blot experiments comprised young adult (n=8) and aged (n=15) rats that were 

drawn from a larger cohort tested for set-shift abilities and used in previous studies (Beas et 

al., 2017; McQuail et al., 2016). Rats used for in vitro electrophysiological experiments were 

from a separate cohort of behaviorally naïve young adult (n=15) and aged (n=12) rats.

2.2. Relationship Between Set-Shifting in Aged Rats and Expression of NMDARs in PFC.

2.2.1. Operant Testing Apparatus: All behavioral testing was performed using 8 

identical operant test chambers (30.5 × 25.4 × 30.5 cm, Coulbourn Instruments, Whitehall, 

PA) constructed with metal front and back walls, transparent Plexiglas side walls, and a 

floor made of steel rods (0.4 cm diameter) spaced 1.1 cm apart. The front wall contained a 

central, recessed trough connected to a food pellet dispenser. The trough was outfitted with 

a 1.12 W lamp and a photobeam sensor. Retractable levers were mounted on either side 

of the food-delivery trough and a 1.12 W cue light was located 3.8 cm above each lever. 

Each operant chamber was enclosed within a sound-attenuating cubicle that contained a 1.12 

W house light mounted on the rear wall. All chambers were connected to a PC running 

Graphic State 3.01 software (Coulbourn Instruments) to automate behavioral testing and 

data collection.

2.2.2. Shaping of Operant Procedures: The design of the set-shifting task was 

modified from (Floresco et al., 2008) and has been adapted by our lab to characterize 

age-related impairment of set-shifting in F344 rats (Beas et al., 2013, 2017). Rats were 
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food-restricted to 85% of free-feeding body weight over a 5-day period. On the final 

day before the start of shaping, each rat was given five 45-mg food pellets (PJAI, Test 

Diet, Richmond, IN) in the home cage to reduce neophobia to this food reward. Shaping 

procedures comprised four stages. In Stage 1, rats received a 64-minute session of magazine 

training, involving 38 deliveries of a single food pellet with an inter-trial interval (ITI) of 

100 ± 40 s. In Stage 2, one lever (left or right, counterbalanced across groups) was inserted 

into the test chamber and lever presses were reinforced on a fixed-ratio 1 (FR1) schedule. 

After pressing the lever 50 times in 30 min, rats were reinforced to press the opposite lever 

on an FR1 schedule. In Stage 3, rats received 90 trials designed to train them to press the 

levers immediately after their insertion into the test chamber. Each 20 s trial began with the 

house light being illuminated and insertion of a single lever (either left or right, randomly 

selected within each pair of trials) into the test chamber where it remained for a maximum 

of 10 s. A lever press in this time window caused the lever to retract, a single food pellet 

to be delivered, and the house light to remain on for an additional 4 s. If a rat failed to 

press the lever within 10 s, the lever was retracted and the house light turned off, and the 

trial was scored as an omission. Rats received at least 4 daily sessions in this stage, and 

training proceeded until rats reached a criterion of fewer than 10 omissions out of the 90 

trials in a single session. In Stage 4 each rat’s side bias (i.e., preference for one lever over 

the other) was determined. Each trial consisted of two phases. In phase one, the house light 

was illuminated and both levers were inserted into the test chamber. A press on either lever 

caused both levers to retract and a single food pellet to be delivered. In phase two, both 

levers were again inserted, but only a press on the lever that was not pressed in phase one 

resulted in food delivery. A press on the same lever chosen in the first phase caused the 

levers to be retracted and the house light to be extinguished. After a “correct” response in 

this second phase of a trial, a new trial was initiated, whereas after an “incorrect” response, 

the second phase was repeated until the rat made a “correct” response. The session ended 

after a total of 45 completed trials. The side associated with the greatest number of total 

responses across this phase of testing was considered a rat’s biased side.

2.2.3. Initial Discrimination (Illuminated Cue Light): On the day after the side bias 

determination session, rats were trained to discriminate the location of the illuminated cue 

light (Fig. 1A). Each 20 s trial began with illumination of either the left or right cue light 

(randomized within each pair of trials). After 3 s, the house light was illuminated while 

both levers were inserted into the chamber. A press on the lever below the illuminated cue 

light (a correct response) resulted in delivery of a single food pellet while the cue light was 

extinguished, the levers retracted and the house light remained illuminated for 4 s. Pressing 

the lever beneath the non-illuminated cue light (an incorrect response) or failure to respond 

within 10 s (omission) led to retraction of both levers and all lighting was extinguished. The 

criterion for acquisition for the cue light discrimination was 8 consecutive correct trials after 

completing a minimum of 30 total trials (excluding omissions). Rats performed a maximum 

of 120 trials per session and rats not reaching criterion within a session received additional 

days of testing as needed.

2.2.4. Set-Shift Discrimination (Left or Right Lever): The next day after achieving 

criterion performance on the cue light discrimination, the task contingencies were shifted to 
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reinforce lever presses only on the left or right lever (each rat was reinforced to press its 

own non-preferred lever as determined in Stage 4 of shaping procedures; Fig. 1A). This rule 

shift challenged each rat to disregard the location of the illuminated cue light and attend only 

to the lever to consistently obtain food rewards. As in the initial discrimination, criterion 

performance was defined as 8 consecutive correct trials (excluding omissions). If rats did not 

attain criterion within a single session (120 trials/session), they received additional sessions 

as needed on subsequent days.

2.2.5. Analysis of Behavioral Data: Data collected using Graphic State were exported 

and converted into Excel file format. The chief index of performance was the total number 

of trials to reach criterion on the initial and set-shift discrimination phases of testing. 

Performance was compared between young and aged rats by means of independent samples 

t-tests using IBM SPSS Statistics, version 28. For these and all subsequent statistical 

comparisons, p < 0.05 was considered significant.

2.2.6. Preparation of Tissue Homogenates: Rats were restored to ad libitum 

feeding for at least one week before being sacrificed by decapitation. The brain was removed 

from the skull and the mPFC was dissected on an ice-cold plate and frozen on dry ice. 

Tissues were stored at −80° C until used for the preparation of membrane fractions as 

in (McQuail et al., 2012). Frozen mPFC tissue was weighed, thawed, and homogenized 

in ice-cold hypotonic buffer (50 mM HEPES, pH 7.4, 1 mM EDTA and 1 mM EGTA) 

with protease inhibitors (Thermo Fisher Scientific, Waltham, Massachusetts, USA) using a 

glass-Teflon Dounce homogenizer. The membrane fraction was collected by centrifuging 

homogenates at 14,000 rpm for 20 minutes at 4° C. The membrane fraction was washed 

by resuspending the pellet in 20 mL of the same buffer without protease inhibitors and 

incubated on ice for 30 minutes followed by centrifugation at 16,500 rpm for 15 minutes 

at 4° C. The final pellet was resuspended in 50 mM HEPES, pH 7.4, and total protein 

concentration was determined using the Pierce BCA Kit (Rockford, IL, USA). Aliquots 

were stored at −80° C until used for Western blotting.

2.2.7. SDS-PAGE and Immunoblotting: Membrane proteins were solubilized, 

denatured and reduced in Laemmli sample buffer with 5% (vol/vol) β-mercaptoethanol 

(BioWorld, Dublin, OH, USA) with heating at 95° C for 5 min. A total of 5 μg of protein per 

lane was electrophoretically separated on a 4%–15% Tris-HCl gel at 200 V for 35 min then 

transferred to nitrocellulose membranes using a wet transfer apparatus for 40 min at 200 V 

(Bio-Rad, Hercules, CA, USA). Blots were washed 3 times with Tris-buffered saline (TBS; 

pH 7.4) then blocked for 1 h in blocking buffer (Rockland, Gilbertsville, PA, USA). Blots 

were then incubated overnight at 4° with primary antibodies raised against NR1 (1:2000; 

AB9864 from Millipore), GluR1 (1:1000; ABN241 from Millipore) and GluR2 (1:5000; 

MABN71 from Millipore) diluted in blocking buffer supplemented with 0.1% Tween-20. 

The dilution used for each antibody was previously optimized to produce a linear range of 

detection for 1.25-10 μg of total mPFC protein and non-specific staining was not evident in 

control experiments where the primary antibodies were omitted (McQuail et al., 2016; and 

see Supplemental Methods for details). Blots were then washed 3 times with TBS, incubated 

with either donkey-anti-rabbit IgG or donkey-anti-mouse IgG conjugated to IRDye 680RD 
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or IRDye 800CW, (LI-COR Biosciences, Lincoln, NE, USA) and diluted 1:15,000 or 

1:20,000. Following 3 additional TBS washes, blots were scanned on an Odyssey imaging 

system (LI-COR Biosciences). Samples were assayed in triplicate; the loading position of 

the sample was varied between gels/experiments in a pseudorandom fashion to control for 

technical variation in the electroblotting procedure. Level of β-tubulin (1:1000; MCA-1B12 

from EnCor Biotechnology, Gainesville, FL, USA) was probed in every experiment to verify 

equality of loading across conditions.

2.2.8. Analysis of Protein Expression Data: Integrated intensity was measured for 

each immuno-reactive band using ImageStudio Software (LI-COR) and normalized for level 

of β-tubulin, which was not different between age groups (ts(21)<0.7, ps>0.5; data not 

shown). Protein level is presented as the percentage of average expression in young rats 

(i.e. mean of young group is defined as 100%) and compared between age groups by 

means of independent-samples t-tests performed in IBM SPSS Statistics, version 28; p<0.05 

was considered significant for these and all other analyses. Relationships between protein 

expression and behavioral performance were assessed using bivariate correlations between 

protein level in young or aged rats and the number of trials to achieve criterion on the initial 

discrimination and set-shift phases of testing.

2.3. Effect of Age on Glutamatergic Inputs to Pyramidal Neurons and Interneurons in PFC

2.3.1. Whole Cell Recording and Analysis: Coronal brain slices (300 μm) 

containing the mPFC were prepared from young and aged rats according to our previously 

published methods (Carpenter et al., 2016). Slices were transferred to a recording chamber 

where they were perfused at 2 ml/min with Mg2+-free artificial cerebrospinal fluid (ACSF; 

129 mM NaCl, 3 mM KCl, 25 mM NaHCO3, 1.2 mM NaH2PO4, 2.4 mM CaCl2, and 

11 mM D-glucose) that was saturated with 95% O2/5% CO2 and maintained at 30 ± 

2 °C. The patch electrode was filled with an internal solution (130 mM K-Gluconate, 

10 mM KCl, 5 mM NaCl, 2 mM MgCl2, 2 mM Na2-ATP, 0.3 mM Na3-GTP, 0.1 

mM EGTA, 10 mM HEPES, and 10 mM phosphocreatine) that was supplemented with 

1 mM 4,4'-dinitrostilbene-2,2'-disulfonic acid, a chloride channel blocker to eliminate 

GABAA receptor-mediated currents in patched cells. Internal solutions were pH adjusted 

to 7.3 with CsOH or KOH, and were volume adjusted to 285-300 mOsm. All recordings 

were made using a MultiClamp 700B amplifier (Molecular Devices), a Digidata 1440A 

digitizer (Molecular Devices), and Clampex 10.2 software (Molecular Devices). All 

data was sampled at 20 kHz. Voltage-clamp recordings were lowpass filtered at 2 

kHz and current-clamp recordings were lowpass filtered at 10 kHz. Offline analysis of 

all electrophysiological data was performed using custom software written in OriginC 

(Originlab, Northampton, MA) by CJF.

2.3.2. Identification and characterization of mPFC neurons: Pyramidal neurons 

or interneurons were initially selected for whole-cell recording based on morphological 

characteristics apparent when observed using infrared differential interference contrast (IR

DIC) imaging under 40× magnification with an Olympus BW51WI microscope. Pyramidal 

neurons had a large pyramidal soma, with a clear primary apical dendrite projecting 

toward the pial surface. Interneurons had clearly rounder somata and lacked a primary 
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apical dendrite. Further identification and classification of neuron type was corroborated by 

analysis of both passive and active electrophysiological properties.

Passive electrophysiological properties examined were whole-cell capacitance and input 

resistance. Both properties were calculated from data obtained by delivering a series of 50 

msec steps to −80 mV in cells voltage clamped at −70 mV. Specifically, input resistance 

was calculated as Rm = (dV-(Ra*Iss))/Iss, where dV is the change in voltage delivered during 

the step, Iss is the steady state current observed at the end of the step, and Ra is the access 

resistance, calculated by dividing dV by the instantaneous current observed immediately 

after initiation of the voltage step. Whole-cell capacitance (Cm) was calculated as τ (1/Ra+1/

Rm), where τ is the time constant obtained by fitting the whole-cell capacitive transients 

produced by the voltage step, using data observed between 10% and 90% of their peak 

amplitude, to a monoexponential function.

To examine active electrophysiological properties, cells were delivered a series of 0.5 sec 

long current pulses while current clamped at I=0. Amplitude of these pulses ranged from 

−100 pA to > 500 pA. The maximum firing rate was defined as the maximum frequency 

of action potentials observed during any current step. Fast-spiking interneurons (FSIs) were 

separated from other interneurons observed based on their ability to fire at frequencies in 

excess of 40 Hz. Other active properties reported were obtained from an analysis of the 

first derivative of the first action potential observed during the first current step that was 

suprathreshold. These include the maximum depolarization velocity (dVmax), the maximum 

repolarization velocity (dVmin), and the time between these points (dVdVdeltaT).

2.3.3. Measurement of AMPA/NMDA ratio from evoked responses: To generate 

evoked postsynaptic currents, a theta glass electrode was filled with magnesium free 

ACSF, connected to a TTL controlled constant current stimulus isolator (World Precision 

Instruments, Sarasota, FL, USA), and placed in the mPFC. Stimuli lasting 0.1 msec were 

delivered at a frequency of 0.1 Hz. Stimulus intensity was adjusted separately in each cell to 

elicit an evoked response of ~75% of the maximum possible amplitude. Evoked responses 

were measured for 5 minutes to establish baseline. Once a stable 5-minute baseline was 

obtained, an AMPAR antagonist (DNQX, 20 μM) was bath applied for 10 minutes, followed 

by an NMDAR antagonist (APV, 40 μM), for an additional 10 minutes. Average evoked 

responses were then calculated from data obtained during the last 3 minutes in each drug 

condition. Specifically, the isolated AMPAR current was obtained by subtracting the average 

evoked response observed in DNQX from the average evoked response observed during the 

baseline period, while the isolated NMDAR current was obtained by subtracting the average 

evoked response observed in APV from the average evoked response observed in DNQX. 

The reported AMPA/NMDA ratio is calculated from the baseline subtracted peak amplitude 

of the isolated currents.

2.3.4. Statistics: Passive properties, active properties, and AMPA/NMDA ratio obtained 

from young vs. aged neurons (or from combined pyramidal neurons vs. FSIs) were all 

compared using a standard two-tailed, two-sample, unpaired Student’s t-test. In cases where 

source data had unequal variance, Welch’s correction was applied.
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3. Results

3.1. Age-related deficits in cognitive flexibility associated with lower level of NR1 in 
medial prefrontal cortex.

Young adult and aged rats did not differ in number of trials to acquire the initial 

discrimination (see Methods) compared to young adults (t(21)= −0.392, p=0.699; Fig. 

1B). In contrast, aged rats were impaired relative to young adults in their ability to 

modify learned behavior as revealed by the greater number of trials needed to reliably 

shift their response strategy to conform to a new rule (t(21)=−3.075, p=0.006; Fig. 1C). 

In this same cohort of rats, mPFC expression of the essential NMDAR subunit, NR1 

(t(21)=2.973, p=0.007; Fig. 2B), and the GluR2 AMPAR subunit (t(21)=2.828, p=0.010) 

were significantly lower in aged compared to young adults while expression of GluR1 

AMPAR subunit was marginally lower in aged (t(21)=1.950, p=0.065; Fig 2B).

To avoid conflating main effects of age on behavioral and biochemical outcomes, bivariate 

correlations were performed separately for aged and young adult rats. In aged rats, the 

number of trials needed to achieve criterion performance on the set-shift phase of the task 

was inversely related to expression of NR1 in mPFC (r=−0.552, p=0.033; Fig. 2C). In 

contrast, correlations between set-shift performance and GluR1 (r=−0.281, p=0.311; Fig. 

2D) or GluR2 (r=−0.165, p=0.558; Fig. 2E) were not statistically significant. In young 

adults, there was a significant association between set-shift performance and expression of 

GluR1 (r=−0.737, p=0.037) whereas associations between set-shift and NR1 (r=−0.204, 

p=0.627) or GluR2 (r=−0.220, p=0.600) were not significant. The relevance of select 

iGluR subunits to set-shift abilities in young adult or aged rats appears to be specific as 

performance on the initial discrimination was not correlated with iGluR subunits in either 

age group (Table 1).

3.2. Aging has minimal impact on passive or active electrophysiological properties of 
either pyramidal neurons or fast-spiking interneurons in Layer 2/3 of the medial prefrontal 
cortex.

We evaluated the effect of age on passive and active electrophysiological properties of both 

pyramidal neurons and FSIs found in Layer 2/3 of the mPFC (see Methods). For pyramidal 

neurons, aging had no effect on whole-cell capacitance, input resistance, maximum firing 

frequency, or maximum depolarization velocity observed during an action potential (Table 

2). That said, the maximum repolarization velocity was significantly increased, from −64.3 

± 3.0 mV/msec to −72.44 ± 2.33 mV/msec (t(42)=2.14, p=0.04), and this produced a trend 

towards decreased action potential width, defined as the time between maximum observed 

rate of depolarization and repolarization (t(42)=1.91, p=0.06). For FSIs, aging had no effect 

on any passive or active electrophysiological property examined (Table 3). Due to the 

minimal effect of aging on passive and active electrophysiological properties, data were 

combined across age, but separated by cell type (Fig. 3). This analysis is presented to 

indicate that pyramidal cells and FSIs in the mPFC can be robustly separated not just by 

their morphology as apparent under IR-DIC, but also by their whole-cell capacitance, input 

resistance, maximum firing frequency, and maximum repolarization velocity.
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3.3. Aging increases AMPA/NMDA ratio as observed in fast-spiking interneurons, but not 
pyramidal cells.

In order to evaluate the effect of age on AMPA/NMDA ratio in L2/3 pyramidal neurons we 

used a bipolar stimulator constructed from theta glass to generate evoked EPSCs in control 

conditions, after bath application of DNQX, and after bath application of both DNQX and 

APV. The AMPA and NMDA receptor mediated components of the evoked response were 

then isolated from those data as described in the methods and as illustrated in Fig. 4A-B.

When recording from pyramidal neurons, the stimulator used to generate evoked currents 

was placed in Layer 1, in Layer 2/3, or in Layer 5 (n=22, 13, and 16, respectively). 

Stimulator placement (combined across age) had no impact on observed AMPA/NMDA 

ratio in pyramidal neurons (L1: 3.7 ± 0.5, L2/3: 4.2 ± 0.77, L5: 4.0 ± 0.53, F(2,48)=0.19, 

p=0.82, 1-way ANOVA), and age had no effect on observed AMPA/NMDA ratio (regardless 

of stimulator placement, Table 4). Based on these observations, the AMPA/NMDA ratio 

data obtained from mPFC pyramidal neurons were combined across stimulator placement, 

compared across age, and presented in Fig. 3D (left panel, t(49)=−0.15, p=0.88). This 

analysis further reinforces the conclusion that age has no effect on AMPA/NMDA ratio as 

observed in Layer 2/3 pyramidal neurons (Table 4).

In sharp contrast to results obtained in pyramidal neurons, we found that age produced 

a clear increase in AMPA/NMDA ratio as observed in Layer 2/3 FSIs (t(9.4) =−3.58, 

p=0.006), Fig. 3D, right panel). For these experiments, the stimulator used to generate the 

evoked responses was placed in Layer 2/3. Interestingly, a comparison of AMPA/NMDA 

ratio between young pyramidal cells and young FSIs also yielded no significant difference 

(Young PYR: 3.85 ± 0.47, Young FSI: 3.34 ± 0.35, n=26, 6, t(23.6)=0.86, p=0.40).

4. Discussion

Cognitive flexibility, or the ability to update behavioral strategies in relation to shifting 

contingencies in the environment, complements other aspects of executive function, such as 

attentional control, behavioral inhibition and working memory, to coordinate goal-directed 

behaviors, which critically depend on the PFC. The present study selectively links age

related deficits in cognitive flexibility to loss of NMDARs from the PFC and, further, reveals 

an age-related increase in AMPA/NMDA ratio of synaptically evoked responses that was 

observed in PFC FSIs, but not pyramidal cells.

In humans, PFC-dependent cognitive flexibility declines with advancing age (Ashendorf 

and McCaffrey, 2008; Robbins et al., 1998; Terry and Sliwinski, 2012; Volkow et al., 

1998). In rodents, cognitive flexibility depends on the mPFC and may be evaluated through 

set-shifting tasks implemented across a variety of modalities and experimental settings 

(Birrell and Brown, 2000; Floresco et al., 2008; Ragozzino et al., 1999). While decline 

of hippocampus-dependent spatial memory is also a reliable feature of rodent brain aging 

(Barnes et al., 1997; Bizon et al., 2009; Gallagher et al., 1993; McQuail and Nicolle, 2015), 

individual differences in set-shift performance do not correlate hippocampal-dependent 

learning and memory as evaluated in the Morris water maze (Barense et al., 2002; Beas 

et al., 2013; Nieves-Martinez et al., 2012). Further, analysis of errors committed by aged 
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rats during the set-shift phase of the task reveals that slower acquisition of the new rule 

is due to perseverative errors made in response to the previously reinforced stimulus (i.e. 

location of the illuminated light; (Beas et al., 2013, 2017) and see also (Beas et al., 2016)), 

mirroring the pattern of behavioral deficits produced by mPFC inactivation (Floresco et al., 

2008). Collectively, these data indicate that performance on the operant set-shifting task 

is a sensitive and specific behavioral probe for naturally occurring, age-related decline of 

cognitive flexibility that depends on the mPFC.

The first finding of our study is that individual differences in age-related decline of cognitive 

flexibility reliably covary with level of the essential NMDAR subunit, NR1, in PFC. Loss 

of NMDARs from the aged PFC has been observed in humans (Hellström-Lindahl and 

Court, 2000; Piggott et al., 1992), monkeys (Dickstein et al., 2013; Hof et al., 2002, p. 1; 

Wenk et al., 1991), rats (Dyall et al., 2007; McQuail et al., 2016; Mitchell and Anderson, 

1998; Wenk et al., 1991) and mice (Magnusson, 1998; Magnusson et al., 2007, 2005; 

Magnusson and Cotman, 1993; Migani et al., 2000). The current study greatly extends 

the relevance of these prior observations to PFC-dependent cognition by determining that 

age-related impairment of cognitive flexibility is coupled to individual differences in loss 

of NR1 from the aging mPFC. Critically, we observed that level of NR1 was specifically 

associated with performance during the set-shift phase of the task, when aged rats were 

challenged to modify or inhibit responses that are no longer appropriate, and not related 

to acquisition of the initial rule. This association in aged rats is consistent with behavioral 

pharmacology data from young adult rats that demonstrates intra-mPFC infusion of the 

NMDAR antagonist AP5 impairs set-shifting, but not initial learning (Jett et al., 2017). 

Given these data that clearly implicate a vital role for NMDARs in neural processes that 

underlie cognitive flexibility, the relationship between age-related loss of NR1 from PFC 

and diminished ability to flexibly modify behavior supports the conclusion that loss of 

NMDARs is a key mediator of specific PFC cognitive deficits that emerge with age.

The second finding of our study is that any potential loss of AMPARs from the aging PFC 

is not related to individual differences in cognitive flexibility. Activation of NMDARs relies, 

in part, on depolarizing influences from AMPARs during performance of PFC-dependent 

cognitive tasks (Wang et al., 2013). Consistent with the concept that AMPAR activation is 

upstream from NMDARs, blocking AMPARs in the rat mPFC impairs set-shifting (Jett et 

al., 2017; Stefani et al., 2003). In the current study, we detected a significant age-dependent 

loss of GluR2 subunits coupled with a similar trend towards lower expression of GluR1 

subunits. However, individual differences in expression of GluR1 and GluR2 were not 

related to impaired set-shifting, nor initial discrimination, of aged rats. These new results 

are highly consistent with our prior study of iGluR subunits within the aged mPFC wherein 

marginally lower levels of AMPAR subunits were not associated with degree of age-related 

decline in PFC-dependent working memory (McQuail et al., 2016). As such, the current 

biochemical data support the notion that PFC AMPARs may be susceptible to decline with 

age but that any possible reductions do not meaningfully contribute to age-related changes in 

PFC-dependent cognition. Furthermore, the lack of association between cognitive flexibility 

and AMPAR subunits in aging individuals is in sharp contrast to the reliable correlation 

with loss of NMDARs to PFC-dependent cognition noted above and in other studies (i.e. 

(McQuail et al., 2016).
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The third finding of our study is that intrinsic electrophysiological properties of pyramidal 

neurons and FSIs in Layer 2/3 of PFC are minimally affected by aging. We did observe 

an increase in repolarization velocity in aged pyramidal neurons, that likely contributed 

to a marginal decrease in action potential width, and may speak to potential age-related 

changes in a fast after hyperpolarization (Shao et al., 1999). That said, there were no 

significant changes in any other passive or active properties of pyramidal neurons examined. 

Similarly, we noted no effect of aging on passive or active properties of mPFC FSIs. Across 

species, the cellular and functional integrity of PFC neurons is essential for normal cognitive 

flexibility (Birrell and Brown, 2000; Bissonette et al., 2008; Dias et al., 1996; Floresco 

et al., 2008; Moore et al., 2009; Pantelis et al., 1999). Stereological investigation of the 

aging primate dorsolateral PFC (dlPFC) indicates that there is a partial loss of neurons 

specific to Area 8A (anterior to arcuate sulcus) that is not evident in adjacent Area 46 

(surrounding the principal sulcus; (Smith et al., 2004)). Similarly, stereologically estimated 

total numbers of neurons in the rodent mPFC reveal moderate age-related decrements 

(~15-25% loss), though there is disagreement in whether these cellular changes localize 

to the dorsal (i.e. cingulate) or the ventral mPFC (i.e. prelimbic and infralimbic cortices; 

(Stranahan et al., 2012; Yates et al., 2008)). Regardless, changes in neuron number in the 

aging mPFC appear to affect pyramidal neurons and interneurons similarly (Stranahan et al., 

2012), and there also appears to be proportional effects of aging on excitatory and inhibitory 

synapses (Bañuelos et al., 2014; Beas et al., 2017; McQuail et al., 2016; Peters et al., 2008). 

Consistent with that observation, most physiological studies in rodents suggest minimal/

modest effect on the balance of inhibitory and excitatory fast synaptic transmission (Bories 

et al., 2013; Carpenter et al., 2016). By contrast, analyses of primate dlPFC pyramidal 

neurons provides mixed evidence for age-related changes in cell activity that could be 

construed as reflecting diminished excitability on the one hand, namely decreased frequency 

of sEPSCs and increased frequency of sIPSCs (Luebke et al., 2004), or enhanced excitability 

on the other, specifically greater evoked firing (Chang et al., 2005; Luebke and Amatrudo, 

2012). Collectively these data suggest that age related changes in E/I balance in the mPFC 

may depend heavily on changes in function of receptor systems beyond those that report 

the majority of fast spontaneous EPSCs and IPSCs. Indeed, prior work from our group 

implicates age-related changes in tonic inhibition carried by extrasynaptic GABA receptors 

(Bañuelos et al., 2014; Beas et al., 2017; Carpenter et al., 2016). As highlighted here and in 

our prior study (McQuail et al., 2016), changes in NMDAR function may comprise another 

such mechanism.

In that regard, the fourth finding from our study is that aging alters the AMPA/NMDA 

ratio of eEPSCs observed in PFC FSIs, but not pyramidal neurons. To the best of our 

knowledge, this represents the first direct physiological examination of how aging effects 

excitatory transmission to non-pyramidal neurons in the mPFC. Parvalbumin-expressing 

(PV+) FSIs regulate pyramidal neuron spiking, promote synchronicity in neural networks, 

and orchestrate the complex network dynamics proposed to underlie cognition (reviewed 

in (Ferguson and Gao, 2018; McQuail et al., 2015)). While aging is affiliated with a 

slowing of gamma frequency in the mPFC (Insel et al., 2012), experimental treatment 

with ketamine, PCP or MK-801 increases frontal gamma in rats, monkeys and humans 

(Goonawardena et al., 2016; Hakami et al., 2009; Lazarewicz et al., 2010; Rivolta et al., 
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2015). These differences could relate to FSI-specific NMDAR-signaling deficits that emerge 

naturally with age versus generalized consequences of inhibiting NMDARs on multiple cell 

types in PFC. Supportive of this view, PV+ cell-specific NR1-knockout (NR1-KO) mice 

present with a selective deficit in the ability to update, but not to maintain, memoranda 

during performance of a PFC-dependent task (Carlén et al., 2012). Critically, the agreement 

between the effects of aging on NMDAR activity in mPFC FSIs and behavioral deficits 

following targeted NR1-KO from PV+ cells converge to support a mechanism wherein 

NMDAR signaling on FSIs is vitally important to normal cognitive flexibility and reduced 

NMDAR signaling on FSIs is implicated in cognitive declines that emerge at advanced ages. 

Finally, it is worth highlighting that substantial data from both the current and prior studies 

suggest that the larger AMPA/NMDA ratio reported here in aged FSIs is likely produced 

primarily by loss of functional NMDARs, and not by an increase in expression of AMPARs 

(Dyall et al., 2007; McQuail et al., 2016; Mitchell and Anderson, 1998; Wenk et al., 1991).

5. Conclusions

These new, descriptive data strongly suggest that diminished NMDAR signaling specific to 

FSIs contributes to later-life decline of PFC-dependent cognition. The apparent specificity of 

this deficit may explain why non-selective NMDAR potentiators produce modest-to-mixed 

effects on cognition in aging (Baxter et al., 1994; Billard and Rouaud, 2007; Burgdorf 

et al., 2011; McQuail et al., 2016; Panizzutti et al., 2014). Consequently, new studies of 

NMDAR signaling on FSIs may inform the development of truly effective therapeutics. The 

practicality of targeting NMDARs on FSIs is bolstered by recent molecular findings that 

PV+ cells in PFC are highly enriched for expression of grin2d, which encodes the NR2D 

isoform (Garst-Orozco et al., 2020). The emerging relevance of these data to cognition are 

supported by studies that show NR2D-KO in the mouse brain reduces sensitivity to the 

behavioral deficits induced by MK-801 (Ide et al., 2019; Sapkota et al., 2016) and that a 

positive allosteric modulator of NR2D is able to reverse MK-801-induced behavioral deficits 

(Suryavanshi et al., 2014). Collectively, we speculate that targeting NR2D-NMDARs could 

provide a means to the determine the mechanism by which distributed NMDAR signaling 

on FSIs contributes to the age-related decline of cognitive flexibility and, possibly, to rectify 

NMDAR-mediated cognitive impairments.
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Highlights:

• Aged rats are impaired on a set-shifting test of cognitive flexibility

• Age-related set-shifting impairment correlates with lower expression of NR1 

in PFC

• Age increases AMPA/NMDA ratio on fast-spiking interneurons but not 

pyramidal neurons

• Expression of AMPAR subunits in PFC is not associated with cognition in 

aging

• Active and passive properties of PFC neurons are generally conserved with 

age
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Fig. 1. Aging Impairs Cognitive Flexibility.
A: The automated set-shifting task used in this study involves learning an initial 

discrimination followed by a set-shift rule. In the initial discrimination (top panel), the 

rule is to press the lever beneath the illuminated cue light regardless of the left versus right 

location. In the set-shift phase (bottom panel), the rule is to press only the left or right lever 

(counterbalanced for each rat’s side-bias) regardless of the position of the illuminated cue 

light. B: Young adult (n=8; open circles) and aged (n=15: filled circles; x-axis) rats require 

a similar number of trials (y-axis) to acquire the initial rule. C: Aged rats take more trials to 

learn the new rule imposed in the set-shift phase of the task. **p<0.01.
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Fig. 2. Lower Expression of NR1 in Aged mPFC Correlates with Set-Shifting Deficits.
A: Representative immunoreactive bands in mPFC homogenates from young adult and 

aged rats. To prepare this image, three independent pairs of immunoreactive bands (one 

young and one aged sample, electrophoretically separated in adjacent lanes of the same gel) 

were selected from each experiment. The same pairs of samples are shown after detection 

with antibody raised against NR1 (top panel), GluR1 (middle panel) or GluR2 (bottom 

panel). ImageStudio acquisition parameters, including laser intensity and pixel resolution 

were identical across experiments. Acquired images were then imported into ImageJ using 

the BioFormats Plug-in; brightness and contrast were adjusted equally for each pair of 

bands. The final panel was organized/annotated using Microsoft PowerPoint. B: Expression 

of NR1 and GluR2 in mPFC (y-axis) was significantly lower in aged rats (n=15; filled 

bars) compared to young (n=8; open bars); expression of GluR1 tended to be lower in 

aged relative to young. C: Expression of NR1 in aged mPFC was negatively associated 

(r=−0.552, p=0.03) with the number of trials to attain criterion performance on the set-shift 

phase of the task (n=15). D&E: There was no reliable relationship between GluR1 or 

GluR2 and performance on the set-shift phase of the task. For panels C-E, each filled 

circle represents a single aged rat plotted as a function of protein expression (100% = 

mean expression of young adult; y-axis) and set-shift trials to criterion (x-axis). A solid 

red line illustrates a significantly non-zero line of best fit and dashed gray lines illustrate 

non-significant lines of best fit. Inset, Pearson’s r. *p<0.05.
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Fig. 3. Active and passive electrophysiological properties reliably distinguish pyramidal neurons 
from fast-spiking interneurons in the mPFC.
A: Representative traces from a pyramidal cell (PYR, left) and a fast-spiking interneuron 

(FSI, right) voltage clamped at −70 mV illustrate the response to a series of 50 msec voltage 

steps to −80 mV. Individual traces are illustrated in grey and the average trace for each cell 

is illustrated in red. Whole-cell capacitance and input resistance were calculated in each 

cell from these data as described in the methods. B: Sample data obtained in current clamp 

illustrating the response of a representative pyramidal cell (left) and fast-spiking interneuron 

(right) to a 300 pA x 500 msec current step. C: Summary data indicating that capacitance 

was significantly larger, and input resistance was significantly lower, in pyramidal cells 

(open circles) vs. fast-spiking interneurons (filled circles). D: Summary data indicating that 

the maximum firing rate achieved was lower, and that the maximum rate of repolarization 

from the action potential peak was slower, in pyramidal cells (open circles) vs. fast-spiking 

interneurons (closed circles). For box plots in C-D, the horizontal line through the middle 

of the box indicates the population mean, the box size indicates the standard error, and the 

whiskers indicate the standard deviation. Inset text provides p-values.
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Fig. 4. Aging Increases AMPA/NMDA Ratio in Fast-Spiking Interneurons but not pyramidal 
cells of mPFC.
A: Illustrates average evoked excitatory postsynaptic currents (eEPSCs) in a representative 

FSI from a young animal (left) and from and aged animal (right). Data were collected 

sequentially in baseline conditions (black trace), in the presence of DNQX (grey trace), and 

in the presence of DNQX + APV (orange trace). B: Illustrates the isolated AMPA- and 

NMDA-receptor mediated components of the eEPSC (black and orange trace, respectively), 

calculated from the data illustrated in panel A, for both a young and aged FSI (left, right, 

respectively, see Methods for additional details). C: Aging had no effect on AMPA/NMDA 

ratio in pyramidal neurons (left panel) but was associated with a significant increase in 

AMPA/NMDA ratio in FSIs (right panel). For box plots in each panel, the horizontal line 

through the middle of the box indicates the population mean, the box size indicates the 

standard error, and the whiskers indicate the standard deviation. Inset text provides p-values.
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Table 1.

Correlations Between Performance on Set-Shifting Task and Expression of Ionotropic Glutamate Receptor 

Subunits in mPFC of Young Adult and Aged Rats

Young (n=8) Aged (n=15)

Initial
Discrimination

Set-Shift
Initial
Discrimination

Set-Shift

r p r p r p r p

NR1 −0.070 0.870 −0.204 0.627 0.043 0.880 −0.552* 0.033

GluR1 0.432 0.285 −0.737* 0.037 0.135 0.631 −0.281 0.311

GluR2 0.463 0.248 −0.220 0.600 0.088 0.755 −0.165 0.558

*
p<0.05
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Table 2.

Active and Passive Electrophysiological Properties of Pyramidal Neurons in mPFC of Young and Aged Rat

Passive Properties Young (n=15,26) Aged (n=12,25) t(49) p

Capacitance 125.98 ± 11.14 119.13 ± 9.23 0.47 0.64

Input Resistance 56.23 ± 9.06 48.03 ± 6.03 0.75
0.46

a

Active Properties Young (n=12,20) Aged (n=12,24) t(42) p

dVmax 250.52 ± 15.51 267.52 ± 8.63 −0.96
0.35

a

dVmin −64.33 ± 3.06 −72.44 ± 2.33 2.14 0.04*

dVdV deltaT 0.82 ± 0.06 0.69 ± 0.04 1.91 0.06

max Freq 14.91 ± 2.67 16.36 ± 1.90 −0.45 0.65

Numbers of observations are (rats, cells). Data are mean ± standard error.

*
p<0.05.

a
Welch’s correction applied.
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Table 3.

Active and Passive Electrophysiological Properties of Fast-Spiking Interneurons in mPFC of Young and Aged 

Rat

Passive Properties Young (4,6) Aged (5,8) t(12) p

Capacitance 25.83 ± 3.06 35.92 ± 4.93 −1.60 0.14

Input Resistance 130.60 ± 17.37 123.47 ± 8.93 0.39 0.70

Active Properties Young (4,6) Aged (5,8) t(12) p

dVmax 218.00 ± 18.01 207.25 ± 19.58 0.39 0.70

dVmin −126.19 ± 9.99 −159.61 ± 18.57 1.44 0.18

dVdV deltaT 0.52 ± 0.02 0.44 ± 0.04 1.51 0.16

max Freq 94.33 ± 7.86 110.00 ± 10.78 −1.10 0.29

Numbers of observations are (rats, cells). Data are mean ± standard error.
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Table 4.

AMPA/NMDA Ratio of Pyramidal Neurons by Stimulator Position

Stimulator Position
(young, aged; cells)

Young Aged df t p

Layer 1 (14, 8) 3.61 ± 0.54 3.78 ± 1.04 20 −0.15 0.87

Layer 2/3 (5, 8) 4.47 ± 1.80 3.96 ± 0.71 11 0.27
0.80

a

Layer 5 (7, 9) 3.88 ± 0.72 4.09 ± 0.80 14 −0.19 0.86

Combined (26, 25) 3.85 ± 0.47 3.95 ± 0.47 49 −0.15 0.88

Data are mean ± standard error.

a
Welch’s correction applied.
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