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Impaired Attention and Synaptic Senescence of the
Prefrontal Cortex Involves Redox Regulation of NMDA
Receptors
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Young (3– 6 months) and middle-age (10 –14 months) rats were trained on the five-choice serial reaction time task. Attention and
executive function deficits were apparent in middle-age animals observed as a decrease in choice accuracy, increase in omissions, and
increased response latency. The behavioral differences were not due to alterations in sensorimotor function or a diminished motivational
state. Electrophysiological characterization of synaptic transmission in slices from the mPFC indicated an age-related decrease in gluta-
matergic transmission. In particular, a robust decrease in N-methyl-D-aspartate receptor (NMDAR)-mediated synaptic responses in the
mPFC was correlated with several measures of attention. The decrease in NMDAR function was due in part to an altered redox state as bath
application of the reducing agent, dithiothreitol, increased the NMDAR component of the synaptic response to a greater extent in middle-age
animals. Together with previous work indicating that redox state mediates senescent physiology in the hippocampus, the results indicate that
redox changes contribute to senescent synaptic function in vulnerable brain regions involved in age-related cognitive decline.
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Introduction
Humans are living longer today than at any other time in history,
and attention is increasingly focused on problems that arise from
improved longevity, including a progressive cognitive weakening
over the course of aging. Early indications of cognitive decline
included impairments in episodic memory and executive func-
tion, which emerge in middle-age, and suggest enhanced vulner-
ability of the specific neural circuits that underlie these processes
(Silver et al., 2009; Alexander et al., 2012; Bizon et al., 2012;
Foster, 2012a; Samson and Barnes, 2013).

Executive function is a comprehensive term used to describe a
collection of cognitive abilities including attention, problem
solving, set-shifting, and working memory. An age-related im-
pairment in executive function in humans is commonly observed
as an increase in the latency of decision making, reduced cogni-
tive flexibility, attentional impairments, and decreased working
memory capacity (Babcock and Salthouse, 1990; Robbins et al.,
1998; Gazzaley et al., 2005; Staub et al., 2014; Zavagnin et al.,
2014). Similar to humans, rodent models of cognitive aging exhibit

attentional deficits (Moore et al., 1992; Jones et al., 1995; Muir et al.,
1999; Grottick and Higgins, 2002), impaired cognitive flexibility
(Barense et al., 2002; Nicolle and Baxter, 2003), and decreased work-
ing memory (Beas et al., 2013; Bañuelos et al., 2014).

The prefrontal cortex (PFC) is intimately involved in mediat-
ing executive function in humans. Similarly, in rodents the cog-
nitive processes that fall under the domain of executive function
involve the medial PFC (mPFC) (Muir et al., 1996; Birrell and
Brown, 2000; Chudasama et al., 2003; Lee and Kesner, 2003; Ste-
fani et al., 2003) and the senescence of mPFC circuits may under-
lie the decline in executive function. Studies that employ
N-methyl-D-aspartate receptor (NMDAR) antagonists, demon-
strate a role for NMDARs in executive function (Stefani and
Moghaddam, 2005; Cui et al., 2011; Dalton et al., 2011; Arnsten
et al., 2012; Carli and Invernizzi, 2014). Moreover, the decline in
executive function during aging is associated with a loss of den-
dritic spines in the PFC, particularly thin spines that are thought
to be involved in NMDAR-mediated synaptic plasticity (Bourne
and Harris, 2007; Morrison and Baxter, 2012; Samson and
Barnes, 2013). However, it is unclear if NMDAR function in the
PFC declines with age and whether altered NMDAR function is
associated with the emergence of impaired executive function.

Our recent work indicates that another major category of age-
related cognitive decline, impaired episodic memory, emerges in
middle-age and is associated with a decrease in hippocampal
NMDAR function due to an oxidized redox environment (Bod-
hinathan et al., 2010b; Lee et al., 2012, 2014; Kumar and Foster,
2013). Therefore, the current study was designed to determine
whether a decrease in NMDAR function in the mPFC could con-
tribute to the emergence of impaired executive function and
whether the redox-mediated decrease in NMDAR function dur-
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ing aging is limited to the hippocampus. In confirmation of pre-
vious research (Jones et al., 1995; Muir et al., 1999; Harati et al.,
2011), we observed a deficit in attention that was apparent in
middle-age animals. In addition, middle-age animals exhibited
changes in glutamatergic transmission in the mPFC, which cor-
related with measures of attention. A decrease in NMDAR func-
tion was due in part to an oxidized redox state. The results
indicate that brain regions linked to cognitive decline are vulner-
able to a redox-mediated decrease in NMDAR function, which
emerges in middle-age.

Materials and Methods
Subjects
Young (3– 6 months, n � 14) and middle-age (10 –14 months, n � 23)
male Fisher 344 rats were obtained from the National Institute on Aging
colony (Taconic) through the University of Florida Animal Care and
Service facility. Animals were paired, housed (two per cage), and main-
tained on a 12/12 h reverse light cycle with ad libitum access to water. All
procedures involving animal subjects were reviewed and approved by the
Institutional Animal Care and Use Committee and were in accordance
with guidelines established by the U.S. Public Health Service Policy on
Humane Care and Use of Laboratory Animals.

Behavioral tests
Five-choice serial reaction time task. Rats were food restricted to 85% of
their free-feeding weight and were maintained at this weight throughout
the behavioral experiments. Rats were trained on the five-choice serial
reaction time task (5-CSRTT; Carli et al., 1983; Muir et al., 1999; Dalley et
al., 2001, 2004; Passetti et al., 2002; Chudasama et al., 2003; Harati et al.,
2011). This task requires rats to attend to and detect brief flashes of light
presented pseudorandomly in one of five apertures while making a cor-
responding nose poke response to obtain a food reward.

Apparatus. Testing was conducted in two identical standard rat-testing
chambers (30.5 � 25.4 � 30.5 cm; Coulbourn Instruments) with metal
front and back walls, and transparent Plexiglas sidewalls. The floor was
composed of a stainless steel wire mesh grid that is typically implemented
for nonshock behavioral experiments. Each testing chamber was housed
in a sound-attenuating cubicle, illuminated by a 3 W house light. Each
cage was equipped with a recessed food pellet delivery trough, located �2
cm above the grid floor, in the center of the back wall. Each trough was
fitted with a photobeam sensor to detect head entries and food reward
pellet retrieval (45 mg grain based; Test Diet). A 1.12 W light was used to
illuminate the food trough. Five evenly spaced circular apertures, each
containing six tricolored cue LED lights and a photobeam sensor, were
set into the front, curved metal wall 2 cm above the grid floor. The
behavioral experiments were controlled through a computer interfaced
with the testing chambers, and equipped with Graphic State v3.03 soft-
ware (Coulbourn Instruments).

Training procedures. Each rat was tested in the same chamber through-
out the experiment. For the first phase of training, rats were placed in the
conditioning chambers for 15 min with the house light on and the food
magazine filled with 10 food pellets to familiarize the animals with the
training box. In the second phase, rats received two 30 min food maga-
zine training sessions, during which 100 food pellets were delivered using
a variable time schedule (mean � 60 s). In the third phase of training, all
nose poke openings were accessible to the animal and were illuminated
for the entire 30 min session. Each time the rat placed its nose into the
illuminated hole, a food pellet was delivered to the animal. This training
was continued until the rats made at least 50 nose pokes during a single
session. At this point the animals were considered to have acquired a nose
poke response for a food reward, and the rats were then trained to nose
poke in response to a brief 30 s visual stimulus that was presented pseu-
dorandomly in one of the five possible locations. Once the animals com-
pleted 50 trials for two consecutive training sessions, they then
progressed to training on the next, shorter cue duration interval. The cue
durations used for training included 0.25, 0.5, 2.5, 10, and 30 s.

At the beginning of each training/test session, the cage house light was
illuminated and a single food pellet was delivered to the magazine with-
out requiring a nose poke. The first trial was initiated when the rat
collected the food pellet from the food magazine. After a fixed delay
(intertrial interval, ITI � 5 s), one of the five holes was illuminated for a
given stimulus duration. The rat was rewarded with a food pellet if it
made a response to the illuminated hole or a response in that particular
hole during a fixed period of time after the light stimulus was turned off
(the limited hole hold period � 5 s). This response was recorded as a
correct response. The next trial was initiated when the rat retrieved the
food pellet. Responses in a nonilluminated hole during the signal period
(i.e., the stimulus duration � the limited hole hold period) were re-
corded as incorrect responses, and failures to respond within the limited
hold period were recorded as omissions and resulted in a 5 s period of
darkness (time-out). A response in any hole during the ITI was recorded
as a premature response and was followed by a time-out period. After a
time-out, the next trial was initiated when the rat placed its nose into the
empty, lit food magazine. The daily testing sessions consisted either of
100 trials or was terminated after 30 min of testing. During a 100 trial
session, the light stimulus was presented an equal number of times in
each of the five aperture positions. Rats were trained until a criteria of two
consecutive sessions with 50 or more correct responses was achieved at a
given stimulus duration.

Figure 1. Acquisition of the behaviors required for the 5-CSRTT is impaired in middle-age
rats. For this and all subsequent figures, measures for the young are illustrated in the open bars
or symbols and the filled bars or symbols represent measures for middle-age animals. The
criterion for acquisition was set at completion of 50 trials in a single session. A, Middle-age rats
require significantly more training sessions to learn the association of a nose poke response to
any of the illuminated openings with receipt of a food reward. B, Middle-age rats also
require significantly more training sessions to learn the valid nose poke/food reward
pairing when the visual stimulus is presented in only one aperture per trial. Asterisk
indicates an age difference ( p � 0.05).
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Variable cue duration paradigm. Upon the completion of training, rats
were tested on the variable cue duration paradigm of the 5-CSRTT. This
paradigm was designed to allow for a within-session evaluation of atten-
tion and executive function with the optical stimuli presented at various
durations (0.25, 0.5, 2.5, 10, and 30 s) during a single testing session. This
system allows for an assessment in the animals’ attentional abilities at
various levels of attentional demand. In this paradigm, the presentation
of the cue stimuli was randomized by both spatial location and temporal
duration.

Variable cue intensity paradigm. To assess
any potential confounds in the rodents’ ability
to visually perceive and discriminate the visual
cues presented during the 5-CSRTT, the ani-
mals were tested on the variable cue intensity
paradigm. This paradigm was designed to eval-
uate the animals’ performance when the illu-
minant’s optical intensity is varied at differing
levels, or lumens, during a single testing ses-
sion. The presentation of the cue stimulus was
therefore randomized by spatial location and
optical intensity (full intensity or 1/3 inten-
sity), while the temporal duration of the cue
was kept constant at 0.5 s.

Electrophysiological experiments
PFC slice preparation. The protocol for prepa-
ration of PFC slices for electrophysiological
studies was modified from standardized proto-
cols in our lab (Bodhinathan et al., 2010b; Ku-
mar and Foster, 2013, 2014; Lee et al., 2014).
Animals were deeply anesthetized using isoflu-
rane (Webster) and decapitated with a guillo-
tine (myNeuroLab). The brain was rapidly
removed and transferred into a beaker con-
taining ice-cold artificial cerebrospinal fluid
(aCSF). The PFC was dissected and one
hemisphere was frozen at �80°C for protein
analysis. The contralateral PFC was blocked
and four to six coronal slices (�400 �m) were
cut through the mPFC (�5.0 to �2.5 anterior
to bregma; Paxinos and Watson, 1986) using a
tissue chopper (Mickle Laboratory Engineer-
ing). The freshly cut slices were incubated in a
holding chamber (at room temperature) with
aCSF containing the following (in mM): 124
NaCl, 2 KCl, 1.25 KH2PO4, 2 MgSO4, 2 CaCl2, 26
NaHCO3, and 10 D-glucose. Slices were trans-
ferred to a standard interface recording cham-
ber (Warner Instrument) at least 30 min before
recording. The chamber was continuously perfused with oxygenated
aCSF (95%–O2 and 5%–CO2) at the rate of 2 ml/min and the tempera-
ture was maintained at 30 � 0.5°C using the TC-324B temperature con-
troller (Warner Instrument). The pH of the aCSF was maintained at 7.4.

Extracellular field potential recordings. Field EPSPs (fEPSPs) were recorded
using a glass micropipette electrode filled with aCSF. The glass micropi-
pettes were pulled from thin-walled borosilicate capillary glass using a
Flaming/Brown horizontal micropipette puller (Sutter Instruments),
and the electrode resistances ranged from 4 to 6 M	. The pipette was
localized to layer 2/3 of the prelimbic region of the mPFC (Paxinos and
Watson, 1986). A concentric bipolar stimulating electrode (FHC) was
localized to layer 4/5. Diphasic stimulus pulses (100 �s; SD9 Stimulator,
Grass Instrument) were delivered to the layer 4/5 of the mPFC (0.033 Hz)
to evoke fEPSPs. The signals were sampled at a frequency of 20 kHz,
amplified, and filtered between 1 Hz and 1 kHz using Axoclamp-2A
(Molecular Devices) and a differential AC amplifier (A-M Systems).
Field potential data were stored on a computer hard drive (Dell) for
off-line analysis. A separate output from the differential AC amplifier was
fed into an oscilloscope (Tektronix 2214) for real-time visualization of
the signals. To measure the amplitude of the fEPSP, two cursors were

placed to encompass the entire waveform. A SciWorks computer algo-
rithm (Datawave Technologies) was used to compute the maximum
amplitude (mV) of the fEPSP at the peak of the waveform as well as the
slope of the descending response. To measure the slope of the fEPSP, two
cursors were placed around the initial descending phase of the waveform
and the maximum slope (mV/ms) of the EPSP was determined by a
computer algorithm that found the maximum change across all sets of 20
consecutively recorded points between the two cursors. Input– output
curves for the total fEPSP were constructed for increasing stimulation
intensities. To assess the paired-pulse ratio, pulse pairs were delivered
through a single stimulating electrode at various interpulse intervals (50,
100, 200, and 300 ms). The first pulse was set to elicit 50% of the maximal
fEPSP, as observed with the input– output curve. Five paired responses
were recorded for each interpulse interval.

Isolation of NMDAR-mediated EPSP. Following collection of the total
synaptic response the NMDAR-mediated fEPSPs (NMDAR-fEPSPs)
were isolated and recorded, as previously reported for hippocampus in
our lab (Bodhinathan et al., 2010b; Kumar and Foster, 2013; Lee et al.,
2014). To obtain the NMDAR-fEPSPs, PFC slices were incubated in
aCSF containing a low concentration of extracellular Mg 2� (0.5 mM),
6,7-dinitroquinoxaline-2,3-dione (DNQX;30 �M; Sigma), and picro-

Figure 2. Performance in the 5-CSRTT is impaired in middle-age rats for the shorter cue durations. A, Choice accuracy decreases
as cue duration decreases and the decrease in accuracy is greater for middle-age animals. B, The percentage of omissions increases
as the cue duration decreases and the number of omissions is grater for middle-age rats. C, Middle-age animals exhibit a lower
proportion of premature responses. D, Choice latency increases with age. For this and all subsequent figures data were averaged
across session for each animal and bars represent the means (�SEM) for the animals in each age group. Asterisk signifies a
significant difference from young ( p � 0.05).

Table 1. Antibodies employed for Western blots

Antibody Concentration Host Vendor

GluN1 1:2000 Rabbit Cell Signaling Technology
GluN2A 1:1000 Rabbit Millipore
GluN2B 1:1000 Mouse Millipore
PSD-95 1:4000 Rabbit Cell Signaling Technology
GAPDH 1:12000 Mouse EnCor
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toxin (PTX; 10 �M; Tocris Bioscience). Input– output curves for the
NMDAR-mediated fEPSP were constructed for increasing stimulation
intensities. In some cases, pharmacological isolation of the NMDAR-
mediated fEPSP was confirmed by the application of the NMDAR antag-
onist AP-5 (100 �M). DNQX was initially dissolved in dimethyl sulfoxide
(DMSO; Sigma) and diluted in aCSF to a final DMSO concentration of
�0.01% and to a final DNQX concentration of 30 �M. PTX was initially
dissolved in ethanol and diluted in aCSF to a final ethanol concentration
of 0.0001% and to final PTX concentrations of 10 �M. Dithiolthreitol
(DTT;0.5 mM; Sigma) was directly dissolved in aCSF.

Analysis of reducing agent on NMDAR-EPSP. To examine the effects of
the reducing agent, DTT, the baseline response was set at �50% of the
maximum and responses were collected for at least 10 min before and
60 –70 min after drug application. The DTT dose (0.5 mM) was selected
due to previous studies that show this dose is within a range that can
increase NMDAR responses specifically in aged animals, and in young
animals under oxidizing conditions, and yet is below a dose that impairs
enzyme activity (Tang and Aizenman, 1993a, b; Bodhinathan et al.,
2010b; Kumar and Foster, 2013; Lee et al., 2014).

Western blot analysis
The mPFC was blocked into �1–2 mm slabs anterior to the genu of the
corpus callosum and the prelimbic region of the mPFC (Paxinos and
Watson, 1986) was dissected out. Tissues were sonicated and lysed in
RIPA buffer (Thermo Scientific) supplemented with phosphatase inhib-
itors, protease inhibitors, and EDTA (Thermo Scientific) and centri-
fuged at 20,000 � g for 30 min at 4°C. Protein concentrations were first
determined using the bicinchoninic acid (Pierce) method for the color-
imetric detection and quantitation of total protein. Kaleidoscope protein
standards (Bio-Rad) and samples (20 –30 �g/lane) were loaded on
4 –15% SDS-PAGE gradient gels (Bio-Rad) and run for �1 h at 115 V.
The proteins were then transferred to a PDVF membrane (GE Health-
care) overnight at 45 V/4°C. Following electrotransfer, blots were stained
with Ponceau S and examined for transfer quality. Blots were washed for
5 min in TBST and subsequently blocked for 1 h with 5% nonfat dry milk
(in TBST). Primary antibodies were applied to blots and allowed to in-
cubate overnight at 4°C (Table 1). Following incubation, blots were
washed three times with TBST for 5 min, and secondary antibodies were
applied for 1 h at room temperature. Blots were then developed using
the ECL Plus Western blot Detection Kit (GE Healthcare) on BioMax
film (Kodak). Film images were digitally scanned using the Model 6500
scanner (Bio-Rad) and densitometry was determined using Image Studio
Lite software (LI-COR Biosciences).

Statistical analysis
ANOVAs and regression analyses were performed using StatView 5.0
(SAS Institute). Fisher’s protected least significant difference post hoc
tests, with p set at 0.05, were used to localize differences. Acquisition of
nose poke behavior was recorded as the number of sessions required for
the animal to complete 50 trials in a single session. For the variable cue
duration or intensity studies, measures of attention were assessed in
terms of choice accuracy in detecting the light stimulus, expressed as a
percentage of the total number of correct and incorrect trials (correct
responses/total number of correct and incorrect responses), the number
of omissions expressed as a percentage (number of omissions/total num-
ber of correct, incorrect, and omitted responses), and the latency to
respond to the cue. Inhibitory response control was measured as the
percentage of premature responses (number of premature responses/
total number of trials). Motor function was measured as the latency to
respond to collect the reward. For the cue duration and cue intensity
tasks, a main effect of training session was not observed for any of the
behavioral measures; therefore, behavioral measures were averaged
across training days for each animal and the averages were used for
figures and correlation of behavioral measures with electrophysiological
and Western blot measures. For electrophysiological measures, in many
cases, responses were recorded from multiple slices. The data were aver-
aged across slices for the same animal and the data for each animal was
used for statistical analyses. For regression analyses, comparisons were
first conducted using all animals. For significant regressions, a subse-
quent regression was limited to middle-age animals.

Results
Task acquisition
The data for task acquisition in 5-CSRTT are illustrated in Figure
1 and show the average number of training sessions required to
complete at least 50 trials in one session. There was a significant
main effect of age (F(1,35) � 11.40, p � 0.005) for the average
number of sessions required to acquire nose poke training (i.e.,
learn to associate a nose poke response in any illuminated aper-
ture to the receipt of a food reward). Furthermore, there was a
main effect of age (F(1,35) � 7.90, p � 0.01) for the number of
sessions needed to complete at least 50 trials in one session during
training at the initial 30 s cue duration (Fig. 1B). Despite a slower
rate of acquisition for the initial 30 s duration, all rats reached a
criterion of 50 or more completed trials within three sessions for
the other training durations (mean of �1.5 sessions for each age
group at each duration) and ANOVAs for the remaining cue
durations indicated no age difference in the number of trials to
reach criterion.

Performance in the variable cue duration paradigm
A repeated-measures ANOVA examined choice accuracy across
cue durations using age and training session as factors. The re-
sults indicated a main effect of cue duration (F(4,700) � 388.54,
p � 0.0001) with a decline in choice accuracy for shorter cue
durations, an effect of age (F(1,175) � 22.97, p � 0.0001), and an
interaction of age and cue duration (F(4,700) � 39.90, p � 0.0001).
A main effect of training session was not observed and no inter-
action of session with age or cue duration could be observed. Due

Figure 3. Differences in performance are not due to motor or motivational differences. A, No
age difference was observed for the measure of magazine latency, suggesting unimpaired
motor function. B, The average number of initiated trials is similar between the young and
middle-age cohorts, indicating differences in performance are not due to lack of motivation to
complete the task.
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to the absence of an effect of training ses-
sion, the data for each animal was aver-
aged across the five test sessions and the
averages used for illustration of the effects
of age and cue duration (Fig. 2). Post hoc
analysis revealed that at the 30 s time
point, middle-age rats performed slightly,
yet significantly, better than young con-
trols; however, at the shortest cue dura-
tions (0.5 and 0.25 s), middle-age
animals exhibited a decrease in choice
accuracy (Fig. 2A).

Examination of the percentage of
omissions (Fig. 2B) indicated main effects
of cue duration (F(4,700) � 181.29, p �
0.0001) and age (F(1,175) � 42.76, p �
0.0001), and an interaction of age and cue
duration (F(4,700) � 27.38, p � 0.0001).
Again, no effect of training session was
observed and training session did not in-
teract with age or cue duration. Consis-
tent with an increase in attentional
requirement, omissions increased as the
cue duration decreased. Post hoc tests per-
formed for each cue duration, averaged
across training sessions for each animal,
indicated that middle-age rats exhibited a
higher percentage of omissions at four of
the cue intervals (30, 2.5, 0.5, and 0.25 s),
and there was a trend (p � 0.054) for an
age-related increase in omissions at the
10 s cue interval.

Figure 2C illustrates the percentage of
premature responses (i.e., a response
during the intertrial interval, before the
presentation of the cue stimulus). An
ANOVA indicated a tendency (p � 0.06)
for an effect of session in the absence of an
age by session interaction. Post hoc analy-
sis within each age group indicated no ef-
fect of training session. In contrast, a main
effect of age (F(1,175) � 36.97, p � 0.0001)
was observed for premature responses.
Interestingly, middle-age animals main-
tain a lower percentage of premature re-
sponses compared with young, indicative
of spared or even enhanced inhibitory re-
sponse control. Last, an age difference was
observed in the behavioral measure of
choice latency (F(1,175) � 40.61, p � 0.001) in the absence of an
effect of training session, with middle-age rats requiring more
time to make a correct response (Fig. 2D). The decrease in choice
accuracy and increase in omissions and choice latency indicate
that middle-age rats exhibit impaired executive function relative
to young adults.

To examine the specificity of the age-related differences in per-
formance, measures of motor function (magazine latency) and
motivation (number of initiated trials) were examined. No effect
of session was observed for magazine latency and number of
initiated trials. Furthermore, no age-related difference was ob-
served for measures of time required to collect the food reward
once dispensed (Fig. 3A) or the average number of initiated trials
(Fig. 3B). As suggested by past studies using the 5-CSRTT (Pas-

setti et al., 2002; Chudasama et al., 2003), a lack of a difference in
the magazine latency and average number of initiated trials
suggests similar motor function and motivational dynamics,
respectively.

Performance in the variable cue intensity paradigm
Apart from decreased mobility or lack of motivation to perform
the task, middle-age rats may be impaired in their ability to visu-
ally perceive the cue stimulus. Therefore, the cue duration was set
to 0.5 s and the ability to detect the visual cue stimulus was tested
over 3 d for the middle-age and young animals using the variable
cue intensity paradigm (Fig. 4). For all behavioral measures, the
main effect of training session and age by training session inter-
actions were not significant. Due to the absence of an effect of

Figure 4. Age-related differences in performance of the 5-CSRTT are not due to sensory deficits. The cue duration was held at
0.5 s and the illumination intensity was varied from full to one-third of full. Varying the cue intensity does not affect choice accuracy
(A), the percentage of omissions (B), or choice latency (C), while an effect of age is still present. D, Percentage of premature
responses decreases with age. No age difference was observed for magazine latency (E) or the number of initiated trials (F ).
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training session, the data were averaged across the three test ses-
sions for each animal and the means for the animals were used for
illustration of the effects of age and cue intensity. No effect of cue
intensity and no age by cue intensity interaction were observed,
indicating that reducing the brightness of the visual stimulus did
not disrupt attentional or executive performance (Fig. 4A–C). An
age-related decrease in choice accuracy (F(1,105) �5.88, p�0.05; Fig.
4A), increase in percentage of omissions (F(1,105) � 10.57, p � 0.005;
Fig. 4B), increase in choice latency (F(1,105) � 32.16, p � 0.0001), and
decrease in premature responses (F(1,105) � 7.53, p � 0.01; Fig. 4D)
was confirmed. Similarly, there was no age-related difference in the
measure of magazine latency (Fig. 4E) or the average number of
initiated trials (Fig. 4F). Taken collectively, the data are consistent
with the conclusion that the emergence of impaired performance in
middle-age animals was due to a decline in attentional processes and
not due to sensorimotor function.

Electrophysiology of senescent synapses in the mPFC
To examine possible alterations in glutamatergic synaptic
transmission, total fEPSPs (total-fEPSPs) were recorded from
the mPFC. An input– output curve was generated by plotting
the amplitude of total synaptic response from middle-age (n �
29/16 slices/animals) and young (n � 32/10 slices/animals) as

Figure 5. Decrease in synaptic strength in middle-age animals. A, Examples of the total-
fEPSP recorded in the mPFC from young and middle-age animals. B, Input– output curves of the
total-fEPSP for young (n � 32/10 slices/animals) and middle-age animals (n � 29/16 slices/
animals), plotting the mean � SEM amplitude across animals, relative to stimulation intensity.
Asterisk indicates a significant age difference ( p � 0.05).

Figure 6. The paired-pulse response is increased in middle-age. The paired-pulse ratios
for slices were averaged within each animal (young: 19/10 slices/animals; middle-age:
25/16 slices/animals) and the mean � SEM the total-fEPSP paired-pulse ratio is provided
for paired-pulse intervals from 50 to 300 ms. Asterisk indicates a significant age difference
( p � 0.05).

Figure 7. Decrease in the NMDAR-mediated synaptic response in middle-age animals. A,
Examples of the NMDAR-fEPSP recorded in the mPFC from young and middle-age animals. B,
Input– output curves plotting the mean � SEM amplitude of the NMDAR-fEPSP relative to
stimulation intensity for young (n � 23/9 slices/animals) and middle-age animals (n � 29/16
slices/animals). Asterisk indicates a significant age difference ( p � 0.05).
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a function of increasing stimulation in-
tensity (Fig. 5). The responses at each
intensity were averaged across slices
within each animal for analysis and a
repeated-measures ANOVA indicated
main effects of increasing stimulation
intensity (F(8,192) � 135.05, p � 0.0001)
and a tendency for an age effect ( p �
0.06). A significant age by stimulation
intensity interaction was observed
(F(8,192) � 5.52, p � 0.0001) and post hoc
analyses for each stimulus intensity indi-
cated that the response was increased in
young animals for the highest stimulation
intensities (Fig. 5B).

To determine whether alterations in
presynaptic function contributed to the
differences in synaptic transmission,
paired-pulse analysis of the total synaptic
response was conducted in mPFC slices
(middle-age: 25/16 slices/animals; young:
19/10 slices/animals). The first pulse was
set to elicit �50% of the maximal fEPSP
response and pulse pairs were delivered at
varying interpulse intervals. The paired-
pulse ratios for slices were averaged within
each animal and the analysis was con-
ducted across animals. The response from
young animals exhibited a paired-pulse
depression (a paired-pulse ratio �1) for
each interval (Fig. 6). For older animals,
paired-pulse depression was only ob-
served for the 200 –300 ms intervals. An
ANOVA across stimulation intensities
indicated an effect of age (F(1,72) � 4.41,
p � 0.05) and paired-pulse interval (F(3,72) �
4.33, p � 0.01) in the absence of an inter-
action. The age effect was due to a smaller
paired-pulse ratio in young animals,
which was observed for every paired-pulse
interval (Fig. 6). Post hoc analysis on the influence of pulse inter-
val indicated that the amplitude of the second response decreased
with an increase in the paired-pulse interval such that the ratio
was reduced for the 200 and 300 ms, relative to the 50 ms interval.
Examination of the interval effects in each age group indicated
that this effect was only observed in slices from older animals
(F(3,45) � 5.52, p � 0.005).

Following the assessment of the total synaptic response, the
NMDAR component of the synaptic response was pharmacologi-
cally isolated. Input– output curves were constructed and the syn-
aptic response at each intensity was averaged across slices from the
same animal (middle-age: n � 29/16 slices/animals; young: n � 23/9
slices/animals). A decrease in the NMDAR synaptic response was
observed for input–output curves plotting the NMDAR-fEPSPs
amplitude as a factor of increasing stimulation intensity (Fig. 7).
The age-related decrease was confirmed by a repeated-measures
ANOVA, which indicated a significant main effect of stimulus
intensity (F(8,184) � 197.76, p � 0.0001) and age (F(1,23) � 30.26,
p � 0.0001). Furthermore, an age by stimulation intensity inter-
action was observed (F(8,184) � 19.98, p � 0.0001) and post hoc
analyses localized age-related differences in NMDAR responses
to an increase in responses for young, relative to middle-age.

Redox regulation of NMDAR function
To determine whether a decline in the NMDAR response in
middle-age was due to redox state, NMDAR responses in the
mPFC were isolated and the reducing agent DTT (0.5 mM) was
applied to slices obtained from young and middle-age rats. For
the subset of young (n � 10/8 slices/animals) and middle-age (n �
17/15 slices/animals) animals that were examined, the NMDAR-
fEPSP amplitude was maintained at �50% of maximum and a
stable baseline was recorded for at least 10 min. Subsequent ap-
plication of DTT resulted in a marked increase in the synaptic
response from the baseline for both young (p � 0.005) and
middle-age (p � 0.0001) animals (Fig. 8). However, the bath
application of DTT increased the NMDAR-fEPSP to a greater
extent (F(1,25) � 5.0, p � 0.05) in middle-age rats (143.05 �
7.6%) compared with young animals (119.23 � 4.79%) indicat-
ing age-related redox regulation of NMDAR function in the
mPFC.

Western blot analysis
Biochemical protein analysis was performed to determine
whether the decrease in NMDAR function with advancing age is
mediated by decreased expression of NMDAR-related proteins.
The mPFC from a subset of behaviorally characterized young

Figure 8. Redox environment contributes to the decline in NMDAR function in the mPFC. A, Time course of changes in the slope
of the NMDAR-fEPSP obtained from mPFC slices 10 min before and 70 min after bath application of the reducing agent, DTT (0.5
mM; solid line), for young (open circle; n � 10/8 slices/animals) and middle-age (filled circles; n � 17/15 slices/animals). B, Mean
� SEM percentage increase in the slope of the NMDAR-fEPSP. C, Representative traces illustrating the change in the NMDAR-fEPSP
in a middle-age animal before (pre-DTT) and 70 min after (post-DTT) application of DTT. Asterisk indicates a significant age
difference ( p � 0.05).
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(n � 8) and middle-age (n � 9) rats was
collected and processed for Western blots.
No significant age difference was observed
in the measure of optical density (normal-
ized to GAPDH loading control) for any
of the synaptic proteins (GluN1, GluN2A,
GluN2B, and PSD-95) that were assessed
(Fig. 9), although there was a tendency
(p � 0.1) for an age-related decrease in
expression of the GluN2B subunit of the
NMDAR.

Regression analysis of behavior and
senescent mPFC synaptic function
Regression analyses were performed to
determine whether the decrease in gluta-
matergic transmission and NMDAR
function were associated with impaired
performance on the 5-CSRTT. Choice la-
tency and premature responses across all
trials were used as measures of informa-
tion processing and response inhibition,
respectively. In addition, choice accuracy
and percentage of omissions from the
0.25 s cue duration time point were used,
as this was the time point where atten-
tional abilities were the most taxed as well
as where the largest differences were ob-
served between young and middle-age rats.
Table 2 provides the R2 and p values for sig-
nificant regressions. If a significant regres-
sion was observed across all animals, a
subsequent regression was performed to de-
termine whether the relationship held for
middle-age animals. Interestingly, measures
of synaptic function did not correlate with
premature responses. Furthermore, the
paired-pulse ratio for the 50 ms interpulse
interval did not correlate with any of the
behavioral measures. The total-fEPSP and
NMDAR-fEPSP were averaged across the
last three stimulation intensities (28, 32, and
36 V) and used as a measure of glutamater-
gic transmission and NMDAR function, re-
spectively. Across all animals, significant
correlations were observed for the averaged
total-fEPSP and averaged NMDAR-fEPSP
when compared with choice accuracy, per-

centage of omissions, and choice latency. In middle-age animals, the
correlations were maintained between choice accuracy and the total-
fEPSP and NMDAR-fEPSP (Fig. 10A,B). Across all animals, the
percentage of omissions and choice latency was correlated with the
change in NMDAR response, as a result of DTT bath application,
and there was a tendency (p � 0.076) for the DTT-induced re-
sponse to correlate with choice latency, when the regression was
limited to middle-age (Fig. 10C). Finally, expression of the
GluN2B subunit was correlated with choice accuracy across all
animals and in the middle-age subgroup (Fig. 10D).

Discussion
Impaired attention
Aging in many species is associated with impairments in episodic
memory and executive function. The current study emphasizes

Figure 9. Aging is not associated with a marked change in NMDAR subunits examined in mPFC lysates from young and
middle-age rats. A, Examples of Western blots for the proteins examined. For quantification, band intensities were normalized to
the expression of GAPDH and this value was normalized to the mean value of young from the same blot and plotted for GluN1 (B),
GluN2A (C), GluN2B (D), and PSD-95 (E).

Table 2. Regression analyses of behavior and synaptic function

Choice accuracy
Percent
omissions Choice latency

Premature
responses

R 2 p value R 2 p value R 2 p value R 2 p value

Total-fEPSP 0.337 0.005 0.246 0.05 0.24 0.05 NS
Middle-age 0.268 0.05 NS NS
Paired-pulse NS NS NS NS
Middle-age
NMDAR-fEPSP 0.427 0.0005 0.33 0.005 0.32 0.005 NS
Middle-age 0.277 0.05 NS NS
DTT growth NS 0.273 0.05 0.27 0.05 NS
Middle-age NS 0.24 0.076
GluN2B expression 0.339 0.05 NS NS NS
Middle-age 0.447 0.05
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that impaired executive function, specifi-
cally attentional deficits, are observed in
middle-age indicating that at least for ro-
dent models of aging, impaired attention
is an early marker of cognitive decline.
Impaired executive function was observed
as an age-related increase in choice la-
tency. The increase in choice latency was
not associated with a concomitant in-
crease in magazine latency indicating
that the difference was specific for cogni-
tive processing rather than a simple motor
deficit. Both age groups exhibited an in-
crease in omissions and a decrease in
choice accuracy for shorter cue durations,
when attentional load increases. Again,
attentional deficits were observed as an
age-related difference in omissions and
choice accuracy for short cue durations.
Previous studies have suggested that an
increase in the percentage of omissions is
an indication of impaired attention re-
sulting in detection failures (Jones et al.,
1995; Harati et al., 2011). Performance
was not differentially affected by reducing
the brightness of the visual cue, indicating
that the difference was not due to im-
paired visual sensory processing. Further-
more, it is unlikely that the increase in
omissions reflects reduced motivation to-
ward the food reward since the average
number of initiated trials was not differ-
ent between the two age groups, suggest-
ing similar motivation levels (Passetti et
al., 2002). Finally, middle-age animals ex-
hibited slower learning during the acqui-
sition phase of training; however, this
does not explain the attentional differences, as there was no indi-
cation of improved performance on any of the behavioral vari-
ables over the 5 d of testing.

Inhibitory response control
In contrast to measures of attention, the percentage of premature
responses, a measure of inhibitory response control, was reduced
in middle-age rats compared with young. Similar findings were
previously reported, in that either no effect of age or even an
enhanced ability to withhold a prepotent motor response with
age was observed (Jones et al., 1995; Muir et al., 1999; Harati et al.,
2011). The results suggest that the various aspects of executive
function are differentially sensitive to age-related impairment.
Indeed, attention, response inhibition, attentional set-shifting,
and working memory are thought to involve different brain sys-
tems interacting with distinct prefrontal circuits (Dalley et al.,
2004).

Electrophysiology of senescent synapses in the mPFC
Pharmacological studies suggest that NMDARs are involved in
executive processes (Stefani and Moghaddam, 2005; Cui et al.,
2011; Dalton et al., 2011; Arnsten et al., 2012; Carli and In-
vernizzi, 2014). Similarly, anatomical studies indicate that there
is an age-related loss of thin dendritic spines in the PFC of im-
paired animals (Bourne and Harris, 2007; Morrison and Baxter,
2012). The thin spines are thought to be involved in NMDAR-

mediated synaptic plasticity, suggesting a possible decrease in
NMDAR-mediated synaptic transmission contributes to age-
related impairments in executive function. In contrast, biochem-
ical studies related to the expression and binding of glutamate
receptors have had mixed results with regard to aging and cogni-
tion (Piggott et al., 1992; Mitchell and Anderson, 1998; Migani et
al., 2000; Nicolle and Baxter, 2003; Liu et al., 2008; Majdi et al.,
2009). In the current study, we observed evidence that the total-
fEPSP, which is largely due to activation of AMPA glutamate
receptors, exhibits a modest decrease in middle-age compared
with young adult. The reduction in the total-fEPSP may be due in
part to inhibition of transmitter release. Normally, cortical synapses
exhibit paired-pulse depression, which may reflect an initially high
probability of transmitter release (Castro-Alamancos and Connors,
1997; Hempel et al., 2000). Indeed, we observed paired-pulse depres-
sion in young animals, which shifted to paired-pulse facilitation in
middle-age. A similar age-related shift in paired-pulse responses has
been described for other cortices (David-Jurgens and Dinse, 2010;
Schmidt et al., 2010). Electrophysiological measures of the frequency
of spontaneous synaptic responses indicate a marked increase in
inhibitory tone and either a decrease or no change in AMPA
receptor-mediated responses in the PFC of impaired animals (Lu-
ebke et al., 2004; Bories et al., 2013). Thus, it is possible that an
increase in GABAergic inhibitory tone over the course of aging acts
to decrease basal presynaptic release resulting in a shift from paired-
pulse depression to paired-pulse facilitation (Chu and Hablitz, 2003).

Figure 10. Relationship between behavior and synaptic function. Individual measures are shown for young (open circles) and
middle-age (filled circles) animals for behavioral (y-axes) and synaptic measures (x-axes). The regression lines are illustrated for all
animals (dashed line) and for middle-age (solid line) animals. Impaired attention observed as a decrease in choice accuracy (0.25
sec cue duration) was associated with reduced synaptic transmission measured as (A) the total-fEPSP and (B) the NMDAR-fEPSP,
and (D) a decrease in the expression of the GluN2B subunit expression. (C) Longer choice latencies were associated with larger
DTT-induced increase in the NMDAR synaptic response.
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In contrast to the relatively mild decrease in the total-fEPSP,
middle-age was associated with a striking decrease in the
NMDAR-mediated synaptic response. The decrease in the
NMDAR-fEPSP may be due to a combination of factors includ-
ing decreased transmitter release and a decrease in the expression
of NMDAR subunits. Previous work has provided evidence for a
decrease in GluN2B expression with advanced age (Bai et al.,
2004; Zhao et al., 2009). In the current study, we observed a
tendency for a decrease in the GluN2B subunit. It is possible that
the decrease may progress with more advanced ages. Unfortu-
nately, due to the relatively low resolution for localizing receptor
changes, the Western blot results do not necessarily reflect syn-
aptic NMDARs. Importantly, NMDARs are thought to localize
mainly to thin dendritic spines and a loss of thin spines is ob-
served in the prelimbic cortex of middle-age rats (Bloss et al.,
2011), suggesting that the observed loss on NMDARs may reflect
the loss of thin spines.

Recent work indicates that an oxidized redox state mediates
senescent neurophysiology in the hippocampus, including an in-
crease in the afterhyperpolarization, decreased cell excitability,
and a decrease in NMDAR function, including impaired synaptic
plasticity (Bodhinathan et al., 2010a, b; Foster, 2012b). Impor-
tantly, the onset of impaired episodic memory in middle-age is
associated with a redox-mediated decline in NMDAR function
and treatments that promoted excess hydrogen peroxide resulted
in an aging phenotype, with impaired cognition and a reduction
in the NMDAR-mediated component of synaptic transmission
(Lee et al., 2012, 2014; Kumar and Foster, 2013). Hydrogen per-
oxide influences NMDAR function by inducing disulfide bonds
between cysteine residues on proteins that impact NMDAR func-
tion (Bodhinathan et al., 2010b). The disulfide linkages can sub-
sequently be reduced to free thiols by DTT to increase synaptic
NMDAR responses. Normally, hydrogen peroxide is converted
to water and oxygen by catalase or glutathione peroxidase. Pre-
vious work suggests that aging is associated with a decrease in
catalase activity in the PFC (Clark et al., 1992; Ciriolo et al., 1997),
which could result in a more oxidized redox environment (Lee et
al., 2014). In the current study, bath application of DTT increased
the NMDAR-fEPSP to a greater extent in middle-age animals.
This finding indicates that the middle-age mPFC is associated
with a more oxidized redox state, which contributes to the
marked functional decrease in NMDARs. An interaction of redox
state and NMDAR hypofunction is thought to contribute to
mental disorders such as schizophrenia (Steullet et al., 2006; Sny-
der and Gao, 2013; X. Wang et al., 2013). The finding that de-
creased mPFC NMDAR-fEPSP and redox regulation of the
NMDAR synaptic responses correlated with behavioral measures
of attention suggests that redox-mediated weakening of NMDAR
function contributes to an age-related decline in cognitive pro-
cesses that depend on this brain region.

Relationship between glutamate synaptic transmission and
executive function during aging
Variability in attention for middle-age animals was correlated
with a decline in glutamate transmission measured as a decrease
in the total-fEPSP and NMDAR-fEPSP. In terms of potential
mechanisms that contribute to decreased NMDAR function and
impaired cognition, choice accuracy was correlated with GluN2B
expression and choice latency showed a trend for a relationship
with measures of redox-mediated inhibition of NMDAR func-
tion. As noted above, the decline in NMDAR function may be
involved in the loss of thin spines on pyramidal cells observed in
aged cognitively impaired monkeys (Bourne and Harris, 2007;

Bloss et al., 2011; Morrison and Baxter, 2012). However, it should
be noted that the location of the NMDAR impairment with re-
gard to spines or cell type cannot be determined from the current
study. In addition to NMDAR regulation of pyramidal cell firing
during performance of an executive task (M. Wang et al., 2013),
there is evidence that NMDAR blockade results in disinhibition,
increasing neural activity and the release of glutamate (Moghad-
dam et al., 1997; Jackson et al., 2004), possibly by reducing
NMDAR activity on inhibitory interneurons (Povysheva and
Johnson, 2012). A differential reduction in NMDAR function in
pyramidal cells and interneurons might be expected to shift the
balance of excitation/inhibition to disrupt the PFC circuits.

In summary, we found that attention deficits were apparent in
middle-age animals. Additionally, middle-age was characterized
by a decrease in glutamatergic transmission in the mPFC. In par-
ticular, a robust decrease in NMDAR-mediated synaptic re-
sponses was correlated with several measures of attention. In
turn, the decrease in NMDAR function is the result of an altered
redox state. Together with previous work indicating that an oxi-
dize redox state mediates senescent neurophysiology in the hip-
pocampus (Bodhinathan et al., 2010a, b; Kumar and Foster, 2013;
Lee et al., 2014), the results point to redox state changes as a
process that contributes to the vulnerability of brain regions in-
volved in age-related cognitive decline.
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