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Inhibitory control can be investigated with the countermanding task, which requires
subjects to make a response to a go signal and cancel that response when a stop signal
is presented occasionally. Adult humans performing the countermanding task typically
exhibit impaired response time (RT), stop signal response time (SSRT) and response
accuracy as they get older, but little change in post-error slowing. Rodent models of
the countermanding paradigm have been developed recently, yet none have directly
examined age-related changes in performance throughout the lifespan. Male Wistar rats
(N = 16) were trained to respond to a visual stimulus (go signal) by pressing a lever
directly below an illuminated light for food reward, but to countermand the lever press
subsequent to a tone (stop signal) that was presented occasionally (25% of trials) at a
variable delay. Subjects were tested in 1 h sessions at approximately 7 and 12 months
of age with intermittent training in between. Rats demonstrated longer go trial RT, a
higher proportion of go trial errors and performed less total trials at 12, compared to
7 months of age. Consistent SSRT and post-error slowing were observed for rats at
both ages. These results suggest that the countermanding performance of rats does
vary throughout the lifespan, in a manner similar to humans, suggesting that rodents
may provide a suitable model for behavioral impairment related to normal aging. These
findings also highlight the importance of indicating the age at which rodents are tested
in countermanding investigations.

Keywords: rats, behavioral inhibition, aging, stop signal task, lifespan, response adjustments, SSRT, post-error
slowing

INTRODUCTION

Performance in a variety of tasks changes throughout the normal human lifespan. Children
make rapid improvements on tests of cognitive ability into early adulthood (Casey et al., 2000),
whereas normal aging is associated with impaired cognitive function, particularly inhibitory
control (Hasher and Zacks, 1988; Dempster, 1992). Impaired inhibition in old age has been
suggested to result from deleterious alterations in the structure, function and plasticity of cortical
synapses, including reductions in total brain volume, gray matter and white matter tract integrity,
most notably in frontal cortex (Courchesne et al., 2000; Raz and Rodrigue, 2006). With the recent
increases in human life expectancy and inevitability of aging throughout the lifespan, it is crucial
to understand the specific impairments in age-related inhibitory decline in order to elucidate the
underlying etiology and design potential treatments (Morterá and Herculano-Houzel, 2012).
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Rats exhibit progressive decline in the numbers of neurons
in cortex, particularly in the dorsal prefrontal region,
hippocampus and cerebellum from 5 to 12 months of age,
with significant, although substantially variable losses apparent
at 12 and 22 compared to 3 months of age (Morterá and
Herculano-Houzel, 2012; Stranahan et al., 2012). Significant
decreases in total synaptic and spine density, including
reduced dendritic branching and plasticity have also been
discovered in rat cortex with advancing age (Adams and Jones,
1982; Itzev et al., 2001; Grill and Riddle, 2002; Markham
and Juraska, 2002; Bloss et al., 2011; Morrison and Baxter,
2012).

The countermanding (or stop) task requires cancelation of
a prepotent response following a stop signal and has become a
valuable tool for examination of inhibitory control (Lappin and
Eriksen, 1966; Logan, 1994). The task allows precise estimation
of response time (RT), as well as estimation of stop signal
response time (SSRT), the amount of time required to cancel the
primary response on ‘Stop’ trials, which is permitted by Logan
and Cowan’s (1984) horse-race model of countermanding task
performance that was recently validated for rats (Beuk et al.,
2014). The application of rodent countermanding to examine
neural correlates of inhibitory control has rapidly progressed (see
Feola et al., 2000; Eagle and Robbins, 2003a,b; Van den Bergh
et al., 2006; Eagle et al., 2007, 2009, 2011; Pattij et al., 2007,
2009; Robinson et al., 2008, 2009; Bari et al., 2009, 2011, 2014;
Kirshenbaum et al., 2011; Bryden et al., 2012; Torregrossa et al.,
2012; Bari and Robbins, 2013; Schmidt et al., 2013; Walker and
Kissler, 2013; Mayse et al., 2014).

Humans performing the countermanding task exhibit
shortening of RT and SSRT from childhood into young
adulthood (Schachar and Logan, 1990; Williams et al., 1999;
Bedard et al., 2002; Van de Laar et al., 2011). While RT for
elderly, compared to younger adults has been reported as longer,
inhibitory control has generally been reported as diminished
(Kramer et al., 1994; Bedard et al., 2002; Andrés et al., 2008;
Hu et al., 2012; Sebastian et al., 2013) although not always
significantly (Williams et al., 1999; Kray et al., 2009; Van de Laar
et al., 2011), possibly owing to substantial variability in SSRT
lengthening with normal aging (Coxon et al., 2012; Colzato
et al., 2013). RT and SSRT lengthening with advancing age
may be evident in rat models; however, no studies to date have
directly considered the effect of aging on countermanding task
performance in rats.

Children, compared to young adults, have demonstrated
significantly less go trial accuracy when performing more
complex selective countermanding tasks (Bedard et al., 2002;
Van de Laar et al., 2011), but not simple stop tasks (Schachar
and Logan, 1990; Williams et al., 1999), whereas adults have
demonstrated reduced (Hu et al., 2012; Sebastian et al.,
2013) or non-differing (Williams et al., 1999; Bedard et al.,
2002; Andrés et al., 2008; Kray et al., 2009) accuracy with
advancing age (but see Kramer et al., 1994). Thus, inconsistencies
in reported aging-related behavioral accuracy deserve further
exploration, particularly with rats, which may allow more in-
depth investigation of the underlying mechanisms mediating task
accuracy.

The countermanding paradigm enables investigation of
performance monitoring, the trial-to-trial adjustments in RT
that subjects make, typically reported in humans as go trial
RT shortening following consecutive go trials and lengthening
following stop trials (Rieger and Gauggel, 1999; Cabel et al.,
2000; Kornylo et al., 2003; Emeric et al., 2007; Li et al., 2008).
Children have demonstrated RT lengthening following non-
canceled stop trials that was reduced into adolescence, as well
as RT lengthening following canceled stop trials that remained
into young adulthood, whereas older adults exhibited reduced
RT lengthening following canceled stop trials, but relatively
consistent RT lengthening following non-canceled stop trials
compared to young adults (Schachar et al., 2004; Van de Laar
et al., 2011; Hu et al., 2012). Rats have generally demonstrated RT
shortening following correct go trials and lengthening following
non-canceled stop trials (Beuk et al., 2014; Mayse et al., 2014;
but see Bari and Robbins, 2013); yet, changes in adaptive
RT adjustments throughout the rodent lifespan have not been
examined.

The countermanding paradigm has yielded valuable
insights into the considerable change of inhibitory control
occurring throughout the human lifespan. A validated
rodent countermanding model may provide a useful tool in
elucidating neurological correlates of aging-related change.
Thus, we examined the performance of a cohort of rats in the
countermanding task over a number of sessions when animals
were approximately 7 and 12 months of age, corresponding to
early- and mid-adulthood respectively (Sengupta, 2013). We
found relatively unchanged SSRT between these 2 ages; however,
older animals exhibited longer RT and made a higher proportion
of go trial errors. While we did observe RT lengthening following
non-canceled stop trials, this adjustment was consistent for rats
at 7 and 12 months of age. Thus, it appears that at 12, compared
to 7 months of age, rats exhibit alterations in countermanding
task performance, possibly mirroring behavioral changes
reported in humans with aging, providing a potential model for
further examination of the neural basis of countermanding task
behavioral change throughout adulthood.

MATERIALS AND METHODS

Animals
Male Wistar rats (N = 16) were tested for adult lifespan changes
in countermanding task performance. Rats were bred by Charles
River Laboratories (St. Constant, QC, Canada) and weighed 150–
200 g at the start of training, corresponding to approximately
45 days of age, based on Wistar rat growth curves (Charles
River Laboratories). Repeated testing was administered to all
animals at approximately 7 months of age and then again at
approximately 12 months of age (see Procedure). Subjects were
pair-housed in clear plastic cages (50.0 cm × 40.0 cm × 20.0 cm
high) with woodchip bedding (Beta Chip; Northeastern Products
Corp., Warrensberg, NY, USA) in an environmentally controlled
colony room with a reversed 12-h light–dark cycle (lights off at
0700 h). Rats were given free access to water, with food (LabDiet
5001; PMI Nutrition Intl, Brentwood, MO, USA) restricted (see
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Procedure). All animal care and experimental protocols were
approved by the Queen’s University Animal Care Committee and
were in accordance with the guidelines of the Canadian Council
on Animal Care and the Animals for Research Act. These animals
were subsequently administered acute amphetamine, which is not
reported presently, but was included in a report by Beuk et al.
(2014).

Apparatus
For a more complete description of the methods, see Beuk
et al. (2014). Data were collected from four identical operant
chambers (30.5 cm × 24.1 cm × 21.0 cm high; ENV-008, Med
Associated, Inc., St. Albans, VT, USA). Chambers contained a
clear polycarbonate door, rear wall and ceiling with a 1.0 cm
separated stainless-steel parallel rod floor (0.5 cm diameter rods).
On both side walls, aluminum vertical posts separated the walls
into three panels. On one wall, the far panel contained a 2.8-
watt incandescent house light, 1.0 cm below the ceiling and
5.0 cm above a tone generator, which emitted a tone with a
chamber-specific frequency that ranged from 2400 to 3400 Hz at
an intensity of 75 dB. The middle panel contained a food pellet
receptacle (5.1 cm × 5.1 cm × 2 cm deep) that was 3.0 cm
above the grid floor. Dustless precision food pellets (45 mg)
from Bio-Serv (Frenchtown, NJ, USA; product number: F0021)
were dispensed from a pedestal-mounted pellet dispenser located
outside of the chamber. On the opposite wall, each of the three
panels was outfitted with a 2.5 cm diameter LED stimulus light
that was 4.5 cm below the ceiling and 5.0 cm above a retractable
response lever (4.8 cm × 1.7 cm × 1.3 cm thick). Each chamber
was isolated in a sound-attenuating case. Programming and
data analysis was controlled by MED-PC R© IV software (Med
Associated, Inc.).

Procedure
Rats were initially housed in pairs with food and water available
ad libitum. For days 3–7 of colony room habituation, rats were
handled in pairs approximately 5 min/day. Food access was
restricted on the 7th day to 1 h free-feeding/day for the majority
of training. Food access was increased to 2 h/day later in the study
to maintain weight growth.

Animals were trained to press the lever below an illuminated
light-emitting diode stimulus light for sucrose pellet reward.
Next, rats were trained to withhold lever press responding in the
presence of a tone (acting as the stop signal) in order to obtain
sucrose pellet reward. Criterion for training sessions was correct
responding on ≥80% of the last 100 trials in a session.

Countermanding sessions (60 min) consisted of 75% go trials
and 25% stop trials presented randomly (Figure 1A). The house
light was always illuminated except during timeout intervals (see
below). Initially, the light above the center lever was illuminated,
requiring a center lever press to initiate a trial. Immediately
following a center lever press, a target light (acting as the go
signal) was randomly illuminated above either the left or right
lever, signifying the lever below the illuminated light as the
target lever. The target lever was only active for a time limit
previously established for each individual rat in countermanding
task training, which eliminated approximately the slowest 10% of

the RT distribution (1.0–1.6 s). This time limit was imposed to
encourage fast responding.

In go trials, rats were required to press the target lever before
the end of the time limit in order to receive sucrose pellet reward.
The elapsed time from center to target lever press was recorded
as go RT. If the target lever was not pressed before the end of the
time limit, or a non-target lever was pressed, the response was
considered incorrect and resulted in a timeout interval, whereby
all lights in the chamber, including the house light, were turned
off for 10-s. In stop trials, a tone, acting as the stop signal,
was presented concurrently with target light illumination for the
length of the time limit plus an additional 300 ms. The stop
signal instructed animals to inhibit a lever press to receive reward.
Any lever press during stop trials was considered an incorrect
response and resulted in a timeout interval, whereby all lights
in the chamber, including the house light, were turned off for
10-s. A 5-s intertrial interval, where only the house light was
illuminated, directly preceded the onset of the next trial following
both correct and incorrect responses.

The stop signal delay (SSD) was determined with a staircase
procedure (Levitt, 1971). The staircase procedure was employed
to obtain successful cancelation on approximately 50% of stop
trials in order to obtain accurate estimates of SSRT and account
for differences in go trial RT between different animals (Band
et al., 2003). Sessions initially began with a 100-ms SSD, which
was adjusted throughout the session by 100-ms steps. Thus, SSD
increased by 100 ms on the next stop trial if a lever press was
correctly countermanded or decreased by 100 ms on the next stop
trial if a non-canceled lever press was made. Finally, if a lever
press on a stop trial occurred before stop signal presentation,
the trial was recorded as a non-canceled response and SSD was
decreased on the following stop trial by 100 ms; however the
rat was given a sucrose pellet and a 5-s intertrial interval (i.e., it
appeared as a go trial to the rat). Consequently, these trials were
not included in RT adjustment analysis. Immediately prior to all
countermanding task sessions, rats completed training blocks of
10 go trials followed by 10 stop trials with a trial time limit of 1.5 s.

Subjects were trained until they could consistently
meet performance criteria (SSRT > 50 ms, > 100 total
trials, < 30% errors on go trials) in countermanding task sessions
(approximately 95 training sessions over 5 months). At this
point, all animals were tested in the countermanding task (1
session/day; 3–5 sessions/week for a total of approximately 11
test sessions) for a 17-days period that occurred at approximately
7 months of age. Animals received intermittent task training
(3–7 sessions/week for a total of approximately 72 training
sessions) in the subsequent 5 months, after which all animals
were tested again (1 session/day; 3–7 sessions/week for a total
of approximately 13 test sessions) in the countermanding task
over a 14-days period. This second testing phase occurred at
approximately 12 months of age.

Statistical Analysis
Five sessions from each age epoch for each rat were compared
to study lifespan changes in countermanding task performance.
Within each countermanding task session, the number of non-
canceled responses made at each SSD was divided by the total
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FIGURE 1 | The countermanding paradigm in rats. (A) The light above the center lever was illuminated (indicated by gray circle) and required a center lever
press (indicated by black square) to initiate a trial. Upon center lever press, a light was immediately illuminated randomly above either the left or right lever, acting as
the go stimulus. On go trials (75%), pressing the lever directly below the illuminated light before the end of a time limit resulted in food reward. On stop trials (25%) an
auditory tone was presented as a stop signal at varying delays from go stimulus onset and required cancelation of the lever press for food reward, whereas a
non-canceled lever press resulted in a 10-s timeout interval. (B) The race model of countermanding performance (Logan and Cowan, 1984) proposes that two
independent processes, one initiated the go signal, the other by the stop signal, race toward a threshold, whereby the first process to cross the threshold wins the
race and determines the behavioral outcome. The distribution of response times (RTs) can be integrated until the integral equals the probability of canceling a
response at a given stop signal delay (SSD). The time at this point minus the stop process start time (i.e., stop signal onset) can be represented as the stop signal
response time (SSRT; adapted from Paré and Hanes, 2003).

number of stop trials at that SSD to calculate the inhibition
function (IF). Sessions that did not exhibit an IF increase
as SSD increased of at least 0.5 between the minimum and
maximum value, which is considered a prerequisite of suitable
countermanding task performance, were omitted from analysis
(cf. Kapoor and Murthy, 2008). Sessions were also omitted
from analysis if they did not meet performance criteria (see
above) which would suggest that subjects did not perform the
task according to instructions (e.g., Ghahremani et al., 2012).
The five sessions nearest to the end of the 2 age epochs that
met performance criteria were selected for further analysis. If
SSD climbed more than two consecutive steps later in a 1-h
countermanding task session and did not regress back toward
mean session SSD, all trials following the canceled stop trial that
initiated the run were excluded from analysis. Increased SSD
later in sessions was associated with slower, unstable responding
and can be indicative of decreased motivation and/or attention,
which can lead to substantial SSRT miscalculations (Verbruggen
et al., 2013). One subject was omitted from the experiment due
to health complications. Five more subjects did not consistently
meet performance criteria during one or both of the age epochs,
which required their omission from the study. This left 10 rats
for subsequent analysis of lifespan changes in countermanding
performance.

We employed the integration method for estimation of SSRT,
derived from Logan and Cowan’s (1984) horse-race model of
stop-task performance (Figure 1B). First, we calculated mean

SSDs from the peaks and valleys of each SSD run and the
midpoint of every second SSD run and averaged these two
measures to estimate the SSD where the probability of making
a non-canceled response was 0.5 (Levitt, 1971). The horse-race
model assumes independence of go and stop processes; therefore
we integrated the distribution of go trial RTs until the integral
equaled the RT at which the probability of making a non-canceled
response on a stop trial was 0.5. Assuming SSRT is constant, SSRT
is equal to this instant (i.e., the time at which the stop process
ends) minus the SSD where the probability of making a non-
canceled response was 0.5 (i.e., the instant when the stop process
began).

We took into account the prospect that a correctly inhibited
stop trial may actually reflect a failed go response, as rats omitted
responding on a small proportion of go trials. Thus, the inhibition
probability data were corrected using a procedure modified from
Tannock et al. (1989): Y = (X-O)/(N-O), where for a given SSD,
Y is the corrected proportion of non-canceled stop trials, X is
the observed number of non-canceled stop trials, N is the total
number of stop trials and O is the proportion of omissions that
occurred on all go trials.

The coefficient of variation (CV), which was estimated as
the ratio of the standard deviation (SD) to the mean of the RT
distribution, was calculated as a measure of go trial RT variability
for each session (Bellgrove et al., 2004). CVs were also calculated
to determine day-to-day performance variability by comparing
the means from the five sessions to their SD. We examined RT
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adjustments by isolating blocks of three consecutive trials where
a correct go trial response occurred prior to and following a
correct go trial response, a non-canceled stop trial response or
a canceled stop trial response. Due to substantial variation in
RT distributions among animals, this change in RT was also
standardized for each individual trial sequence by computing a
Z-score:

Z = [go2RT(trial) − go1RT(mean)]/go1RT(SD)

For each rat, the RT adjustments and Z-scores from each
session within a particular age epoch were combined with the
other sessions from that age to determine overall means. Z scores
were also computed to examine the change in go trial RT and
SSRT at 7 and 12 months of age in order to account for the
day-to-day variability of performance. For these data:

Z = [RT12 months session − RT7 months mean]/RT7 months SD

Countermanding task performance variables were calculated
with custom written MATLAB scripts (The MathWorks, Inc.,
Natick, MA, USA). Analysis of variance (ANOVA) was conducted
to analyze differences in RT, SSRT and adaptive RT adjustments.
Paired samples t-test were used to compare the average RTs of
the go trial before and following each interleaved trial type as well
as Z scores and differences in CV for each age epoch. Statistical
analysis was conducted with SPSS software (IBM SPSS Statistics
for Windows, Armonk, NY, USA). All analysis was conducted
using a significance level of 0.05.

RESULTS

Total Number of Trials
The average ± standard error of the mean (SEM) total number
of trials completed by rats (N = 10) over all of the 1-h sessions
was 323.42 ± 12.73 at 7 months of age and 184.76 ± 9.44 at
12 months of age. As displayed in Figure 2A, this decline in
trials completed per session at 12 compared to 7 months of age
was significant. A repeated measures ANOVA with age (7 or
12 months) and session (1–5) as within-subject factors revealed
a significant main effect of age [F(1,9) = 83.70, p < 0.01] and a
significant age and session interaction [F(4,36)= 2.75, p= 0.04].
The main effect of session was not significant [F(4,36) = 0.95,
p = 0.45]. To account for variability in the number of trials
performed in each of the five sessions, we calculated the CV
for each rat at both 7 and 12 months of age. The mean CV
in the total number of trials performed per session ± SEM
was significantly higher at 12 (0.19 ± 0.01) compared to 7
(0.08 ± 0.01) months of age [t(9) = 5.16, p < 0.01]. Due to the
increased variability, Z scores were calculated to assess the change
in the total number of trials performed in sessions at 12 months
of age compared to the mean number of trials performed in
sessions at 7 months of age. As displayed in Figure 2B, the
reduction in the total number of trials performed at 12, compared
to 7 months of age (Mean Z ± SEM = −7.12 ± 0.66) was
significantly different from zero [one-sample t-test, t(49)= 10.77,
p < 0.01].

Go Trial RT
As illustrated in Figure 2C, the average go trial RT (±SEM)
was somewhat longer for rats at 12 (634.17 ± 22.17 ms) than
7 (607.42 ± 26.84 ms) months of age. A repeated measures
ANOVA with age (7 or 12 months) and session (1–5) as within-
subject factors did not reveal a significant main effect of age
[F(1,9) = 1.91, p = 0.20], session [F(4,36) = 1.50, p = 0.22],
or a significant interaction [F(4,36) = 1.15, p = 0.35]. Because
RT lengthening at 12, compared to 7 months of age was
predicted, we computed Z scores of the change in go trial
RT for each 12 months session in relation to mean 7 months
go trial RT for each rat to better account for RT variability.
As shown in Figure 2D, the increase in go trial RT (Mean
Z ± SEM = 2.06 ± 0.68) was significantly different from zero
[one-sample t-test, t(49) = 3.05, p > 0.01]. We did not observe
a significant difference in the mean go trial RT CV ± SEM at
7 (0.03 ± 0) or 12 (0.03 ± 0.01) months of age [t(9) = −0.06,
p= 0.95]. To examine if individual session go trial RT CV differed
significantly between age epochs, a repeated measures ANOVA
with age (7 or 12 months) and session (1–5) as within-subject
factors was conducted. No significant main effects or interactions
were discovered (data not shown).

Go Trial Accuracy
To examine whether rats committed more errors on go trials
at 12 compared to 7 months of age, we conducted a repeated
measures ANOVA with age (7 or 12 months) and session (1–5)
as within-subject factors on the proportion of overall go trials
that were incorrect lever presses and omissions. As displayed in
Figure 2E, ANOVA revealed a near significant main effect of age
[F(1,9) = 4.47, p = 0.06], and session [F(4,36) = 2.39, p = 0.07]
and a non-significant interaction [F(4,36) = 0.44, p = 0.78].
To account for variability in the proportion of go trial errors,
we computed a Z score for each session at 12 months of age
compared to the mean at 7 months of age. The increase in the
proportion of go trial errors (Mean Z± SEM= 1.60± 0.38) was
significantly different from zero [one-sample t-test, t(49) = 4.20,
p < 0.01], as illustrated in Figure 2F. Incorrect lever presses on
go trials occurred on less than 4% of all go trials for each session
and accounted for less than 4% of go trial errors on average. Thus,
the vast majority of go trial errors in countermanding task session
consisted of errors of omission. Of note, a significant correlation
was not found between Z scores accounting for the change in
the proportion of go trial errors and Z scores accounting for the
change in mean go trial RT (R2 < 0.01, p = 0.89); therefore, the
observed increase in the proportion of go trial errors at 12 months
of age was not likely related to the observed lengthening of go
trial RT.

Stop Signal Response Time
The overall mean SSRT ± SEM did not change substantially for
rats at 12 (193.84 ± 12.99 ms) compared to 7 months of age
(204.42 ± 12.37 ms). For the data displayed in Figure 3A, a
repeated measures ANOVA with age (7 or 12 months) and session
(1–5) as within-subject factors did not reveal a significant main
effect of age [F(1,9) = 0.76, p = 0.41], session [F(4,36) = 2.33,
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FIGURE 2 | Changes in countermanding task performance of rats with aging. (A) Mean ± standard error of the mean (SEM) total number of trials performed
in five individual, 1-h countermanding task sessions (light–dark gray bars) for rats (N = 10) at 7 and 12 months of age (∗significant main effect of age with analysis of
variance [ANOVA]). (B) Frequency distribution (n = 50) for Z change in the total number of trials performed for rats (N = 10) comparing the total number of trials
performed in five individual sessions at 12 months of age to their overall mean total number of trials performed over five sessions at 7 months of age (∗significant
difference from zero, one-sample t-test). (C) Mean ( ± SEM) go trial RT in five individual countermanding task sessions (light–dark gray bars) for rats (N = 10) at 7
and 12 months of age. (D) Frequency distribution (n = 50) for the Z change in mean go trial RT for rats (N = 10) comparing mean go trial RT in five individual
sessions at 12 months of age to their overall mean go trial RT over five sessions at 7 months of age (∗significant difference from zero, one-sample t-test). (E) Mean
( ± SEM) proportion of go trial errors (p[go trial error]) in five individual countermanding task sessions (light–dark gray bars) for rats (N = 10) at 7 and 12 months of
age. (F) Frequency distribution (n = 50) for the Z change in the p(go trial error) for rats (N = 10) comparing the p(go trial error) in five individual sessions at 12 months
of age to their overall p(go trial error) over five sessions at 7 months of age (∗significant difference from zero, one-sample t-test).

p = 0.08], or a significant interaction [F(4,36) = 0.70, p = 0.60].
Z scores were calculated for the change in SSRT for each
12 months session in relation to mean 7 months SSRT for
each rat to account for possible day-to-day variability in SSRT.
As shown in Figure 3B, the distribution of Z scores for the
change in SSRT at 12 compared to 7 months of age (Mean
Z ± SEM = −0.04 ± 0.37) was not significantly different from

zero [one-sample t-test, t(49) = −0.12, p = 0.91]. The Z change
in SSRT was also not significantly correlated with the Z change in
go trial RT (R2 < 0.02, p = 0.38). We compared the CV of SSRT
for rats between 12 and 7 months of age to examine if there was
a substantial change in the day-to-day variability of SSRT. While
we did observe some increase in the mean± SEM CV of SSRT at
12 (0.34 ± 0.03) compared to 7 (0.24 ± 0.05) months of age, this
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FIGURE 3 | Stop signal response time for rats at 7 and 12 months of age. (A) Mean ± SEM SSRT in five individual countermanding task sessions (light–dark
gray) for rats (N = 10) at 7 and 12 months of age. (B) Frequency distribution (n = 50) for the Z change in SSRT for rats (N = 10) comparing mean SSRT in five
individual sessions at 12 months of age to their overall mean SSRT over five sessions at 7 months of age.

difference was not statistically significant [paired samples t-test,
t(9)= 1.85, p= 0.10].

Adaptive RT Adjustments
We tested if rats made adaptive RT adjustments and whether this
behavior changed between 7 and 12 months of age by comparing
mean RTs in correct go trials immediately prior to and following
three different types of interleaved trials: (1) a correct go trial;
(2) a canceled stop trial; or (3) a non-canceled stop trial. The
mean ± SEM RT for each rat as well as the average RTs across
all rats are shown for rats at both 7 (Figure 4A) and 12 months
of age (Figure 4B). Significant RT shortening following a correct
go trial was observed for one rat at both 7 and 12 months of
age, while significant RT lengthening following a non-canceled
stop trial was found for three rats at 7 months of age and
one rat at 12 months of age (paired samples t-test, p < 0.05).
Because the distribution of RTs varied substantially among rats,
we standardized the change in RT as a result of each different
interleaved trial type as Z scores for each rat, as displayed in
Figures 4C,D for rats at 7 and 12 months of age respectively.
A repeated measures ANOVA with age (7 or 12 months) and
interleaved trial type (go, canceled, or non-canceled) as within-
subject factors revealed a significant main effect of interleaved
trial type [F(2,18) = 4.14, p = 0.03]. A significant main effect
of age was not found [F(1,9) = 0.40, p = 0.54], nor was a
significant interaction [F(2,18) = 0.43, p = 0.66]. A follow-
up pairwise comparison of the significant main effect adjusted
with Bonferroni correction revealed that the effect was primarily
driven by a near-significant difference in mean Z scores ± SEM
for correct go interleaved trials (−0.03± 0.03) compared to mean
Z scores ± SEM for non-canceled interleaved trials (0.30 ± 0.11;
p = 0.08). Because RT adjustments were expected, planned
paired-samples t-test were conducted on the Z scores for each
interleaved trial type. The distribution of Z scores for non-
canceled interleaved trials was significantly different from zero
for rats at both 7 [t(9) = 2.39, p = 0.04] and 12 months of age
[t(9) = 2.25, p = 0.05]. Z scores did not differ significantly from
zero when the interleaved trial was a correct go [t(9) = −1.36,
p = 0.21; t(9) = −0.77, p = 0.46] or canceled stop trial

[t(9) = 0.51, p = 0.63; t(9) = 1.16, p = 0.28] for rats at 7 and
12 months of age respectively.

DISCUSSION

At 12, compared to 7 months of age, rats performed fewer trials,
exhibited longer RT and made a higher proportion of go trial
errors, primarily consisting of omissions, in 1-h countermanding
task sessions. Variation in SSRT was not observed at these two
ages. RT lengthening following non-canceled stop trials was
observed for rats at both 7 and 12 months of age. This is the first
study to specifically examine changes in countermanding task
performance of rats during the lifespan.

Older, compared to younger adult humans, consistently
demonstrate lengthening of RT in countermanding (Kramer
et al., 1994; Williams et al., 1999; Rush et al., 2006; Van de
Laar et al., 2011; Coxon et al., 2012; Hu et al., 2012, 2013),
Go/Change (Christ et al., 2001), Go/No-Go (Nielson et al., 2002;
Sebastian et al., 2013), and flanker (Colcombe et al., 2005) tasks.
RT lengthening later in the human lifespan has been proposed to
result from impaired information processing speed and executive
dysfunction (Salthouse, 1996; Albinet et al., 2012) or simply a
preference for accuracy over speed (Ratcliff et al., 2001). Rats
have exhibited longer RT at 24, compared to 6 months of
age in an operant delayed response task, which was associated
with reduced activity in the medial prefrontal cortex during go
stimulus presentation, in support of a frontal impairment account
of age-related RT lengthening in rats (Caetano et al., 2012).

Support for variation in countermanding task accuracy
throughout the human lifespan has been inconclusive, with
reports of impaired (Hu et al., 2012; Sebastian et al., 2013),
improved (Kramer et al., 1994) or non-differing (Williams
et al., 1999; Bedard et al., 2002; Andrés et al., 2008; Kray
et al., 2009) error rates for older compared to younger adults.
Reduced white matter tract integrity in corticostriatal tracts
was associated with longer RT and increased errors for older
adults performing a speeded response task (Forstmann et al.,
2011). Increased errors and RT lengthening were observed in
aged rats performing a simple reaction time task, suggesting
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FIGURE 4 | Adaptive RT adjustments. (A,B) Light gray bars compare mean ± SEM go trial RT for sets of three consecutive trials where go trials immediately
preceded (GO1) and followed (GO2) either a correct go, a canceled stop or a non-canceled stop interleaved trial, for rats (N = 10) performing the countermanding
task at (A) 7 months of age or (B) 12 months of age. Heavy black lines show individual animal mean RTs where GO1 and GO2 were significantly different (paired
t-test, p < 0.05) whereas dark gray lines show individual animal mean RTs where GO1 and GO2 were not significantly different. (C,D) Dark gray bars show mean
( ± SEM) Z change in go trial RT for trials following, compared to trials preceding, an interleaved correct go, canceled stop or non-canceled stop trial for rats
(N = 10) at (C) 7 months of age; or (D) 12 months of age, where Z = [GO2RT(trial) – GO1RT(mean)]/GO1RT(standard deviation). Light gray lines represent Z scores
for each individual animal at each interleaved trial type (∗significant difference of mean Z score from zero with one-sample t-test, p < = 0.05; black diamonds
indicate significant difference of an individual animals Z score from zero with a one-sample t-test, p < 0.05).

that changes in latency and accuracy were dependent (Burwell
and Gallagher, 1993). Our findings indicate that longer RT
and decreased accuracy occurred independently for rats at the
ages tested. It will be of interest to more precisely investigate
the role of impaired sensory processing or executive function
in the age-related impairments in accuracy and RT observed
presently.

Inhibitory impairment for older adults performing the
countermanding task has not been discovered in a number
of experiments (Williams et al., 1999; Kray et al., 2009; Van
de Laar et al., 2011). One possible explanation is that older
participants with better inhibitory control were tested, as
substantial variability in stopping speed has been reported in the
elderly (Coxon et al., 2012; Colzato et al., 2013). These studies
may have also employed simple countermanding tasks, whereas
more complex tasks may impose a larger cognitive burden on the
elderly, augmenting inhibitory deficits. Moreover, training effects
may have masked an overall inhibitory deficit. Importantly,
inhibitory impairment was generally not observed until beyond

60 years of age (Kramer et al., 1994; Bedard et al., 2002; Andrés
et al., 2008; Hu et al., 2012; Sebastian et al., 2013). Presently,
rats were tested up to 12–13 months of age, corresponding to
mid-adulthood (Sengupta, 2013). Investigation of older animals
is required to confirm whether stopping lengthens in elderly
animals.

Longer SSRT and RT in elderly humans may be dependent
variables, providing evidence of impaired inhibitory processing
resulting in strategic RT lengthening in order to proactively
increase accuracy (Andrés et al., 2008; Van de Laar et al.,
2011; Anguera and Gazzaley, 2012); however, age-related
changes in selective inhibitory control were reported to occur
independently of overall RT lengthening (Bedard et al., 2002).
The present experiment suggests that lengthening of RT occurred
independently of SSRT in rats for the ages tested, contradicting
the hypothesis that RT lengthening may result as a strategic by-
product of impaired inhibition. Future studies should examine
whether inhibition is correlated with RT lengthening in more
elderly animals.
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The prefrontal cortex may be particularly vulnerable to
the aging process, with substantial age-related structural and
functional modification reported, supporting the hypothesis that
general inhibitory deficiency, resulting from prefrontal cortex
deterioration, may be a universal feature of age-related decline
in cognition (Hasher and Zacks, 1988; Tisserand and Jolles,
2003; Tisserand et al., 2004; Burke and Barnes, 2006; Anguera
and Gazzaley, 2012). Decreased activation and white-matter
tract integrity in prefrontal cortex, presupplementary motor area
and basal ganglia, as well as decreased gray matter volume
in prefrontal cortex and presupplementary motor area were
associated with countermanding impairment in elderly adults,
suggesting inhibitory deficits related to diminished recruitment
of executive networks (Coxon et al., 2012, 2014; Hu et al., 2012,
2013; Sebastian et al., 2013). Moreover, older, but not younger
adults carrying the C957T C/C genetic polymorphism, putatively
associated with elevated striatal dopamine and dopamine D2
receptor expression (Hirvonen et al., 2009a,b), more efficiently
countermanded responses than others in their age group,
suggesting a genetic component of individual variation revealed
with normal aging (Colzato et al., 2013). These specific
neural correlates of countermanding task behavioral impairment
observed in elderly humans are potentially amenable to further
investigation with rodents.

Rats older than 24 months were impaired on acquisition
of delayed matching as well as olfactory and visual reversal
learning compared to rats 6 months of age or younger (Dunnett
et al., 1988; Brushfield et al., 2008). Rats older than 18 months
of age required more trials to learn reversals in a set-shifting
task than younger animals (Tait et al., 2013). Moreover, rats
at 16 or 21 months of age made more errors and required
more sessions before reaching criteria in an 8-arm radial maze
and exhibited impaired acquisition and retention of a passive
avoidance conditioned response compared to 3-months-old
(Granger et al., 1996; Winter, 1997). Similarly, rats older than 26,
compared to 6 months of age exhibited substantial deficits in No-
Go responding that mimicked the behavior of younger animals
with prefrontal cortex lesions (Winocur, 1992), while aged rats
(>22 months of age) shifted responding away from bigger,
delayed reward more slowly than younger rats (3–6 months
of age), while exhibiting impaired orbitofrontal coding of non-
optimal delayed reward, suggesting altered representation of
reward with aging (Roesch et al., 2012).

Dopaminergic deficiency has been observed in the frontal
cortex of aged rats (>24 compared to <4 months of age) and
correlated with impaired working memory in radial, T- and
Morris water mazes, suggesting that age-related remodeling of
mesocortical dopaminergic fibers may be an important feature
of cognitive decline with aging (Luine et al., 1990; Mizoguchi
et al., 2009; Allard et al., 2011). Further experiments have
suggested that alterations in the regulation of the second
messenger-dependent enzymes protein kinase A and protein
kinase C in elderly rats may be an important factor in
cognitive decline (Ramos et al., 2003; Brennan et al., 2009).
Furthermore, delayed and decreased upregulation in gene
expression has been observed for rats older than 20 months
of age, in comparison to approximately 3 months of age,

following pentylenetetrazole-induced seizure and stroke induced
by reversible occlusion of the middle cerebral artery (Retchkiman
et al., 1996; Buga et al., 2014). In addition, evidence suggests
that variability in behavioral performance among individual
animals may be explained, in part, by differences in age-related
brain reserves, allowing varied baseline adaptive neuroplasticity
(Freret et al., 2015). Thus, the rodent countermanding task
may provide a new and interesting avenue to elucidate the
underlying neural mechanisms of impaired behavioral control
with aging.

Lengthening of RT following stop trial errors and shortening
following correct go trials has been reported previously for
rats performing the countermanding task (Beuk et al., 2014;
Mayse et al., 2014). Of note, rats investigated presently were
reported to exhibit these behaviors in subsequent vehicle sessions
in comparison to 0.25 mg/kg amphetamine. Post-error RT
lengthening observed at 7 and 12 months of age suggests that
post-error RT lengthening in rats may be relatively consistent
across much of the lifespan, consistent with findings in humans
(Van de Laar et al., 2011; Hu et al., 2012). RT shortening following
correct go trials was generally observed here, but failed to reach
statistical significance, possibly due to the low number of subjects
tested (Button et al., 2013).

Reduced total trials performed in 1-h countermanding
sessions at 12, compared to 7 months of age was an unexpected
finding. Humans commonly exhibit less physical exertion later in
the lifespan and generally require more time to complete routine
tasks (Owsley et al., 2002; Crombie et al., 2004). Variability
in the number of trials completed within sessions of human
countermanding testing during the lifespan were not reported,
as these sessions typically ended following the completion of a
specified number of trials as opposed to an amount of time (see
Kramer et al., 1994; Williams et al., 1999; Bedard et al., 2002;
Van de Laar et al., 2011). In one case, testing was conducted
in 10-min blocks; however, a relationship between age and
number of trials completed was not noted (Hu et al., 2012). Rats
demonstrated decreased running-wheel and locomotor activity as
well as deficits in complex motor behavior as early as 12 months
of age, suggesting that older rats may be less physically able
or engaged (Peng et al., 1980; Wallace et al., 1980; Willig
et al., 1987; Van Waas and Soffié, 1996). Alternatively, the
reduced performance may reflect motivational deficits related
to impaired dopamine transmission (Salamone et al., 2015).
Further investigation is required to more precisely determine the
underlying nature of the reduction in trials performed by older
animals.

Longer RT and reduced trials performed within sessions for
rats at 12, compared to 7 months of age, may have resulted from
the increased home cage feeding required to maintain weight
growth as rats aged. Support comes from Baker et al. (2012),
who noted differences in reinforcer devaluation depending upon
alternative food restriction protocols. Unfortunately, ethical
considerations make this hypothesis difficult to investigate, as
continued growth of rats with age requires increased food
availability. Thus, the effects of food restriction protocol may
require some consideration in future rodent countermanding
experiments. Changes in behavior observed presently may have
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also resulted from prolonged training and testing regimens. In
contradiction to this hypothesis, rats exhibited lengthening of RT
and a greater proportion of errors in later sessions, behaviors
not usually linked with training effects. Nevertheless, it may be
useful to investigate a separate cohort of older animals whereby
initiation of training occurs later in the lifespan to rule out the
possibility of training effects in the present observations. It would
be of further merit to examine whether rats trained at an older
age would acquire countermanding performance at a rate similar
to younger animals.

Variability in rodent countermanding during the lifespan
had yet to be directly considered, despite the growing
exploration of rodent behavior in this task. Examination
of the methodologies in previous reports suggests that the
majority of testing was conducted on rats between 4 and
10 months of age. While substantial variability in control
rat data is evident, inconsistencies in task design, subject
strain and the lack of reporting age at the time of testing
preclude identifying aging as an important factor (see Feola
et al., 2000; Eagle and Robbins, 2003a,b; Van den Bergh
et al., 2006; Eagle et al., 2007, 2009, 2011; Pattij et al.,
2007, 2009; Robinson et al., 2008, 2009; Bari et al., 2009,
2011, 2014; Kirshenbaum et al., 2011; Bryden et al., 2012;
Torregrossa et al., 2012; Bari and Robbins, 2013; Schmidt
et al., 2013; Walker and Kissler, 2013; Mayse et al., 2014).
Findings reported in Beuk et al. (2014) may suggest lifespan
changes in performance when contrasting the behavior of the
cohort examined presently following saline administration at
approximately 13 months of age (RT ± SEM = 679 ± 30 ms;
SSRT ± SEM = 186 ± 19 ms) to a separate cohort of
treatment-free rats tested at approximately 6 months of age
(RT ± SEM = 570 ± 17 ms; SSRT ± SEM = 157 ± 8 ms).
Alternatively, data from Eagle and Robbins (2003b) and Eagle
et al. (2008) do not appear to reveal substantially altered RT or
SSRT for control rats tested at approximately 6 and 19 or 6 and
12 months of age, respectively.

Rats at 7 and 12 months of age exhibited remarkably
consistent mean SSRT in the current experiment. Importantly,
this implies that SSRT may be relatively comparable for adult
rats in experiments of long durations, as is frequently the case
in rodent countermanding. Future rodent experiments should
report ages of test animals in order to further verify lifespan-
related changes in countermanding performance. Notably, this
study provides the first evidence that the age at which animals are
tested is an important consideration in rodent countermanding

investigation. The neural correlates of these behavioral changes
merit further examination.

CONCLUSION

Rats demonstrated changes in countermanding performance
within the adult lifespan similar to those reported in adult
humans, including RT lengthening and an increase in the
proportion of errors. SSRT and post-error RT lengthening
were relatively unchanged at the ages tested, suggesting that
these behaviors are more resilient. Further experiments should
examine more elderly rodents in the task to determine whether
the observed effects of the present investigation are exacerbated
and if inhibitory control and adaptive RT adjustment are
substantially altered as rats become more elderly. This would
fully characterize performance throughout the rodent lifespan.
Together, these results suggest that rodent countermanding is
an appropriate model to examine the neural correlates of aging
related changes in behavioral control.

AUTHOR CONTRIBUTIONS

JB, RB, and MP contributed to the conception and design of
this work, as well as the analysis and interpretation of data.
JB contributed to the acquisition of data and the drafting and
revision of this work. RB and MP contributed to manuscript
revision.

FUNDING

This work was supported by an Ontario Ministry of Research
and Innovation Early Researcher Award and a Queen’s University
Chancellor’s Award to MP as well as a grant from the Natural
Science and Engineering Research Council of Canada (NSERC)
to RJB. JB was supported by an Ontario Graduate Scholarship.

ACKNOWLEDGMENTS

We thank L. Miller and C. Crandell for veterinary care, J. Barber
for technical support and the Beninger lab for animal care
assistance.

REFERENCES
Adams, I., and Jones, D. (1982). Quantitative ultrastructural changes in rat cortical

synapses duringearly-, mid- and late-adulthood. Brain Res. 239, 349–363. doi:
10.1016/0006-8993(82)90514-5

Albinet, C. T., Boucard, G., Bouquet, C. A., and Audiffren, M. (2012). Processing
speed and executive functions in cognitive aging: how to disentangle
their mutual relationship? Brain Cogn. 79, 1–11. doi: 10.1016/j.bandc.2012.
02.001

Allard, S., Gosein, V., Cuello, A. C., and Ribeiro-da-Silva, A. (2011). Changes with
aging in the dopaminergic and noradrenergic innervation of rat neocortex.
Neurobiol. Aging 32, 2244–2253. doi: 10.1016/j.neurobiolaging.2009.12.023

Andrés, P., Guerrini, C., Phillips, L. H., and Perfect, T. J. (2008). Differential effects
of aging on executive and automatic inhibition. Dev. Neuropsychol. 33, 101–123.
doi: 10.1080/87565640701884212

Anguera, J. A., and Gazzaley, A. (2012). Dissociation of motor and sensory
inhibition processes in normal aging. Clin. Neurophysiol. 123, 730–740. doi:
10.1016/j.clinph.2011.08.024

Baker, T. W., Weisman, R. G., and Beninger, R. J. (2012). Reinforcer devaluation
by extinction depends on the food restriction protocol. Behav. Processes 90,
124–129. doi: 10.1016/j.beproc.2012.02.007

Band, G. P. H., van der Molen, M. W., and Logan, G. D. (2003). Horse-race
model simulations of the stop-signal procedure.Acta Psychol. 112, 105–142. doi:
10.1016/S0001-6918(02)00079-3

Frontiers in Aging Neuroscience | www.frontiersin.org 10 August 2016 | Volume 8 | Article 190

http://www.frontiersin.org/Aging_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive


fnagi-08-00190 August 6, 2016 Time: 16:24 # 11

Beuk et al. Aging Effects in Rodent Countermanding

Bari, A., Dec, A., Lee, A., Lee, J., Song, D., Dale, E., et al. (2014).
Enhanced inhibitory control by neuropeptide Y Y5 receptor blockade in rats.
Psychopharmacology (Berl) 232, 959–973. doi: 10.1007/s00213-014-3730-z

Bari, A., Eagle, D. M., Mar, A. C., Robinson, E. S., and Robbins, T. W. (2009).
Dissociable effects of noradrenaline, dopamine, and serotonin uptake blockade
on stop task performance in rats. Psychopharmacology (Berl) 205, 273–283. doi:
10.1007/s00213-009-1537-0

Bari, A., Mar, A. C., Theobald, D. E., Elands, S. A., Oganya, K. C., Eagle, D. M.,
et al. (2011). Prefrontal and monoaminergic contributions to stop-signal task
performance in rats. J. Neurosci. 31, 9254–9263. doi: 10.1523/JNEUROSCI.
1543-11.2011

Bari, A., and Robbins, T. W. (2013). Noradrenergic versus dopaminergic
modulation of impulsivity, attention and monitoring behaviour in
rats performing the stop-signal task: possible relevance to ADHD.
Psychopharmacology (Berl) 230, 89–111. doi: 10.1007/s00213-013-3141-6

Bedard, A. C., Nichols, S., Barbosa, J. A., Schachar, R., Logan, G. D., and
Tannock, R. (2002). The development of selective inhibitory control across the
life span. Dev. Neuropsychol. 21, 93–111. doi: 10.1207/S15326942DN2101_5

Bellgrove, M. A., Hester, R., and Garavan, H. (2004). The functional
neuroanatomical correlates of response variability: Evidence from
a response inhibition task. Neuropsychologia 42, 1910–1916. doi:
10.1016/j.neuropsychologia.2004.05.007

Beuk, J., Beninger, R. J., and Paré, M. (2014). Investigating a race model account of
executive control in rats with the countermanding paradigm. Neuroscience 263,
96–110. doi: 10.1016/j.neuroscience.2014.01.014

Bloss, E. B., Janssen, W. G., Ohm, D. T., Yuk, F. J., Wadsworth, S., Saardi,
K. M., et al. (2011). Evidence for reduced experience-dependent dendritic
spine plasticity in the aging prefrontal cortex. J. Neurosci. 31, 7831–7839. doi:
10.1523/JNEUROSCI.0839-11.2011

Brennan, A. R., Yuan, P., Dickstein, D. L., Rocher, A. B., Hof, P. R., Manji, H., et al.
(2009). Protein kinase C activity is associated with prefrontal cortical decline in
aging. Neurobiol. Aging 30, 782–792. doi: 10.1016/j.neurobiolaging.2007.08.020

Brushfield, A. M., Luu, T. T., Callahan, B. D., and Gilbert, P. E. (2008).
A comparison of discrimination and reversal learning for olfactory and
visual stimuli in aged rats. Behav. Neurosci. 122, 54–62. doi: 10.1037/0735-
7044.122.1.54

Bryden, D. W., Burton, A. C., Kashtelyan, V., Barnett, B. R., and Roesch, M. R.
(2012). Response inhibition signals and miscoding of direction in dorsomedial
striatum. Front. Integr. Neurosci. 6:69. doi: 10.3389/fnint.2012.00069

Buga, A. M., Margaritescu, C., Scholz, C. J., Radu, E., Zelenak, C., and Popa-
Wagner, A. (2014). Transcriptomics of post-stroke angiogenesis in the aged
brain. Front. Aging Neurosci. 6:44. doi: 10.3389/fnagi.2014.00044

Burke, S. N., and Barnes, C. A. (2006). Neural plasticity in the ageing brain. Nat.
Rev. Neurosci. 7, 30–40. doi: 10.1038/nrn1809

Burwell, R. D., and Gallagher, M. (1993). A longitudinal study of reaction time
performance in long- evans rats. Neurobiol. Aging 14, 57–64. doi: 10.1016/0197-
4580(93)90023-5

Button, K. S., Ioannidis, J. P. A., Mokrysz, C., Nosek, B. A., Flint, J.,
Robinson, E. S. J., et al. (2013). Power failure: why small samples size
undermines the reliability of neuroscience. Nat. Rev. Neurosci. 14, 465–476. doi:
10.1038/nrn3475

Cabel, D., Armstrong, I., Reingold, E., and Munoz, D. (2000). Control of saccade
initiation in a countermanding task using visual and auditory stop signals. Exp.
Brain Res. 133, 431–441. doi: 10.1007/s002210000440

Caetano, M. S., Horst, N. K., Harenberg, L., Liu, B., Arnsten, A. F., and
Laubach, M. (2012). Lost in transition: aging-related changes in executive
control by the medial prefrontal cortex. J. Neurosci. 32, 3765–3777. doi:
10.1523/JNEUROSCI.6011-11.2012

Casey, B., Giedd, J. N., and Thomas, K. M. (2000). Structural and functional
brain development and its relation to cognitive development. Biol. Psychol. 54,
241–257. doi: 10.1016/S0301-0511(00)00058-2

Christ, S. E., White, D. A., Mandernach, T., and Keys, B. A. (2001).
Inhibitory control across the life span. Dev. Neuropsychol. 20, 653–669. doi:
10.1207/S15326942DN2003_7

Colcombe, S. J., Kramer, A. F., Erickson, K. I., and Scalf, P. (2005). The
implications of cortical recruitment and brain morphology for individual
differences in inhibitory function in aging humans. Psychol. Aging 20, 363–375.
doi: 10.1037/0882-7974.20.3.363

Colzato, L. S., van den Wildenberg, W. P., and Hommel, B. (2013). The
genetic impact (C957T-DRD2) on inhibitory control is magnified by
aging. Neuropsychologia 51, 1377–1381. doi: 10.1016/j.neuropsychologia.2013.
01.014

Courchesne, E., Chisum, H. J., Townsend, J., Cowles, A., Covington, J., Egaas, B.,
et al. (2000). Normal brain development and aging: quantitative analysis at
in vivo MR imaging in healthy volunteers 1. Radiology 216, 672–682. doi:
10.1148/radiology.216.3.r00au37672

Coxon, J. P., Goble, D. J., Leunissen, I., Van Impe, A., Wenderoth, N., and
Swinnen, S. P. (2014). Functional brain activation associated with inhibitory
control deficits in older adults. Cereb. Cortex 26, 12–22. doi: 10.1093/cercor/
bhu165

Coxon, J. P., Van Impe, A., Wenderoth, N., and Swinnen, S. P. (2012). Aging and
inhibitory control of action: cortico-subthalamic connection strength predicts
stopping performance. J. Neurosci. 32, 8401–8412. doi: 10.1523/JNEUROSCI.
6360-11.2012

Crombie, I. K., Irvine, L., Williams, B., McGinnis, A. R., Slane, P. W., Alder, E. M.,
et al. (2004). Why older people do not participate in leisure time physical
activity: A survey of activity levels, beliefs and deterrents. Age Ageing 33,
287–292. doi: 10.1093/ageing/afh089

Dempster, F. N. (1992). The rise and fall of the inhibitory mechanism: toward a
unified theory of cognitive development and aging. Dev. Rev. 12, 45–75. doi:
10.1016/0273-2297(92)90003-K

Dunnett, S., Evenden, J., and Iversen, S. (1988). Delay-dependent short-term
memory deficits in aged rats. Psychopharmacology (Berl) 96, 174–180. doi:
10.1007/BF00177557

Eagle, D. M., Baunez, C., Hutcheson, D. M., Lehmann, O., Shah, A. P., and
Robbins, T. W. (2008). Stop-signal reaction-time task performance: role of
prefrontal cortex and subthalamic nucleus. Cereb. Cortex 18, 178–188. doi:
10.1093/cercor/bhm044

Eagle, D. M., Lehmann, O., Theobald, D. E., Pena, Y., Zakaria, R., Ghosh, R.,
et al. (2009). Serotonin depletion impairs waiting but not stop-signal reaction
time in rats: implications for theories of the role of 5-HT in behavioral
inhibition. Neuropsychopharmacology 34, 1311–1321. doi: 10.1038/npp.
2008.202

Eagle, D. M., and Robbins, T. W. (2003a). Inhibitory control in rats performing
a stop-signal reaction-time task: effects of lesions of the medial striatum
and d-amphetamine. Behav. Neurosci. 117, 1302–1317. doi: 10.1037/0735-
7044.117.6.1302

Eagle, D. M., and Robbins, T. W. (2003b). Lesions of the medial prefrontal
cortex or nucleus accumbens core do not impair inhibitory control in rats
performing a stop-signal reaction time task. Behav. Brain Res. 146, 131–144.
doi: 10.1016/j.bbr.2003.09.022

Eagle, D. M., Tufft, M. R., Goodchild, H. L., and Robbins, T. W. (2007). Differential
effects of modafinil and methylphenidate on stop-signal reaction time task
performance in the rat, and interactions with the dopamine receptor antagonist
cis-flupenthixol. Psychopharmacology (Berl) 192, 193–206. doi: 10.1007/s00213-
007-0701-7

Eagle, D. M., Wong, J. C., Allan, M. E., Mar, A. C., Theobald, D. E., and Robbins,
T. W. (2011). Contrasting roles for dopamine D1 and D2 receptor subtypes in
the dorsomedial striatum but not the nucleus accumbens core during behavioral
inhibition in the stop-signal task in rats. J. Neurosci. 31, 7349–7356. doi:
10.1523/JNEUROSCI.6182-10.2011

Emeric, E. E., Brown, J. W., Boucher, L., Carpenter, R. H., Hanes, D. P.,
Harris, R., et al. (2007). Influence of history on saccade countermanding
performance in humans and macaque monkeys. Vision Res. 47, 35–49. doi:
10.1016/j.visres.2006.08.032

Feola, T. W., de Wit, H., and Richards, J. B. (2000). Effects of d-Amphetamine
and ethanol on a measure of behavioral inhibition in rats. Behav. Neurosci. 114,
838–848. doi: 10.1037/0735-7044.114.4.838

Forstmann, B. U., Tittgemeyer, M., Wagenmakers, E. J., Derrfuss, J., Imperati, D.,
and Brown, S. (2011). The speed-accuracy tradeoff in the elderly brain:
a structural model-based approach. J. Neurosci. 31, 17242–17249. doi:
10.1523/JNEUROSCI.0309-11.2011

Freret, T., Gaudreau, P., Schumann-Bard, P., Billard, J. M., and Popa-Wagner, A.
(2015). Mechanisms underlying the neuroprotective effect of brain reserve
against late life depression. J. Neural. Transm. 122(Suppl. 1), S55–S61. doi:
10.1007/s00702-013-1154-2

Frontiers in Aging Neuroscience | www.frontiersin.org 11 August 2016 | Volume 8 | Article 190

http://www.frontiersin.org/Aging_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive


fnagi-08-00190 August 6, 2016 Time: 16:24 # 12

Beuk et al. Aging Effects in Rodent Countermanding

Ghahremani, D. G., Lee, B., Robertson, C. L., Tabibnia, G., Morgan, A. T., De
Shetler, N., et al. (2012). Striatal dopamine D2/D3 receptors mediate response
inhibition and related activity in frontostriatal neural circuitry in humans.
J. Neurosci. 32, 7316–7324. doi: 10.1523/JNEUROSCI.4284-11.2012

Granger, R., Deadwyler, S., Davis, M., Moskovitz, B., Kessler, M., Rogers, G.,
et al. (1996). Facilitation of glutamate receptors reverses an age-associated
memory impairment in rats. Synapse 22, 332–337. doi: 10.1002/(SICI)1098-
2396(199604)22:4<332::AID-SYN4>3.0.CO;2-C

Grill, J. D., and Riddle, D. R. (2002). Age-related and laminar-specific dendritic
changes in the medial frontal cortex of the rat. Brain Res. 937, 8–21. doi:
10.1016/S0006-8993(02)02457-5

Hasher, L., and Zacks, R. T. (1988). Working memory, comprehension, and aging:
a review and a new view. Psychol. LearnMotiv. 22, 193–225. doi: 10.1016/S0079-
7421(08)60041-9

Hirvonen, M. M., Laakso, A., Någren, K., Rinne, J. O., Pohjalainen, T., and
Hietala, J. (2009a). C957T polymorphism of dopamine D2 receptor gene affects
striatal DRD2 in vivo availability by changing the receptor affinity. Synapse 63,
907–912. doi: 10.1002/syn.20672

Hirvonen, M. M., Lumme, V., Hirvonen, J., Pesonen, U., Nagren, K., Vahlberg, T.,
et al. (2009b). C957T polymorphism of the human dopamine D2 receptor
gene predicts extrastriatal dopamine receptor availability in vivo. Prog.
Neuropsychopharmacol. Biol. Psychiat. 33, 630–636. doi: 10.1016/j.pnpbp.
2009.02.021

Hu, S., Chao, H. H., Winkler, A. D., and Li, C. S. (2012). The effects of age on
cerebral activations: internally versus externally driven processes. Front. Aging
Neurosci. 4:4. doi: 10.3389/fnagi.2012.00004

Hu, S., Chao, H. H., Zhang, S., Ide, J. S., and Li, C. S. (2013). Changes in cerebral
morphometry and amplitude of low-frequency fluctuations of BOLD signals
during healthy aging: correlation with inhibitory control. Brain Struct. Funct.
219, 983–994. doi: 10.1007/s00429-013-0548-0

Itzev, D., Lolova, I., Lolov, S., and Usunoff, K. (2001). Age-related changes in
the synapses of the rat neostriatum. Arch. Physiol. Biochem. 109, 80–89. doi:
10.1076/apab.109.1.80.4279

Kapoor, V., and Murthy, A. (2008). Covert inhibition potentiates online control in
a double-step task. J. Vis. 8, 20.1–16. doi: 10.1167/8.1.20

Kirshenbaum, A. P., Jackson, E. R., Brown, S. J., Fuchs, J. R., Miltner, B. C.,
and Doughty, A. H. (2011). Nicotine- induced impulsive action: sensitization
and attenuation by mecamylamine. Behav. Pharmacol. 22, 207–221. doi:
10.1097/FBP.0b013e328345ca1c

Kornylo, K., Dill, N., Saenz, M., and Krauzlis, R. J. (2003). Cancelling of pursuit
and saccadic eye movements in humans and monkeys. J. Neurophysiol. 89,
2984–2999. doi: 10.1152/jn.00859.2002

Kramer, A. F., Humphrey, D. G., Larish, J. F., Logan, G. D., and Strayer, D. L.
(1994). Aging and inhibition: beyond a unitary view of inhibitory processing
in attention. Psychol. Aging 9, 491–512. doi: 10.1037/0882-7974.9.4.491

Kray, J., Kipp, K. H., and Karbach, J. (2009). The development of selective
inhibitory control: the influence of verbal labeling. Acta Psychol. 130, 48–57.
doi: 10.1016/j.actpsy.2008.10.006

Lappin, J. S., and Eriksen, C. W. (1966). Use of a delayed signal to stop a visual
reaction-time response. J. Exp. Psychol. 72, 805–811. doi: 10.1037/h0021266

Levitt, H. (1971). Transformed up-down methods in psychoacoustics. J. Acoust.
Soc. Am. 49, 467–477. doi: 10.1121/1.1912375

Li, C. S., Huang, C., Yan, P., Paliwal, P., Constable, R. T., and Sinha, R. (2008).
Neural correlates of post-error slowing during a stop signal task: a functional
magnetic resonance imaging study. J. Cogn. Neurosci. 20, 1021–1029. doi:
10.1162/jocn.2008.20071

Logan, G. D. (1994). “On the ability to inhibit thought and action: a users’ guide
to the stop signal paradigm,” in Inhibitory Processes in Attention, Memory, and
Language, eds D. Dagenbach and T. H. Carr (San Diego, CA: Academic Press).

Logan, G. D., and Cowan, W. B. (1984). On the ability to inhibit thought
and action: a theory of an act of control. Psychol. Rev. 91, 295–327. doi:
10.1016/j.neubiorev.2008.08.014

Luine, V., Bowling, D., and Hearns, M. (1990). Spatial memory deficits in aged
rats: contributions of monoaminergic systems. Brain Res. 537, 271–278. doi:
10.1016/0006-8993(90)90368-L

Markham, J. A., and Juraska, J. M. (2002). Aging and sex influence the anatomy
of the rat anterior cingulate cortex. Neurobiol. Aging 23, 579–588. doi:
10.1016/S0197-4580(02)00004-0

Mayse, J. D., Nelson, G. M., Park, P., Gallagher, M., and Lin, S. (2014).
Proactive and reactive inhibitory control in rats. Front. Neurosci. 8:104. doi:
10.3389/fnins.2014.00104

Mizoguchi, K., Shoji, H., Tanaka, Y., Maruyama, W., and Tabira, T. (2009).
Age-related spatial working memory impairment is caused by prefrontal
cortical dopaminergic dysfunction in rats. Neuroscience 162, 1192–1201. doi:
10.1016/j.neuroscience.2009.05.023

Morrison, J. H., and Baxter, M. G. (2012). The ageing cortical synapse: hallmarks
and implications for cognitive decline. Nat. Rev. Neurosci. 13, 240–250. doi:
10.1038/nrn3200

Morterá, P., and Herculano-Houzel, S. (2012). Age-related neuronal loss in
the rat brain starts at the end of adolescence. Front. Neuroanat. 6:45. doi:
10.3389/fnana.2012.00045

Nielson, K. A., Langenecker, S. A., and Garavan, H. (2002). Differences in the
functional neuroanatomy of inhibitory control across the adult life span.
Psychol. Aging 17, 56–71. doi: 10.1037/0882-7974.17.1.56

Owsley, C., Sloane, M., McGwin, G. Jr., and Ball, K. (2002). Timed instrumental
activities of daily living tasks: relationship to cognitive function and everyday
performance assessments in older adults. Gerontology 48, 254–265. doi:
10.1159/000058360

Paré, M., and Hanes, D. P. (2003). Controlled movement processing: superior
colliculus activity associated with countermanded saccades. J. Neurosci. 23,
6480–6489.

Pattij, T., Janssen, M. C., Schepers, I., González-Cuevas, G., De Vries, T. J.,
and Schoffelmeer, A. N. (2007). Effects of the cannabinoid CB1 receptor
antagonist rimonabant on distinct measures of impulsive behavior in rats.
Psychopharmacology (Berl) 193, 85–96. doi: 10.1007/s00213-007-0773-4

Pattij, T., Schetters, D., Janssen, M. C., Wiskerke, J., and Schoffelmeer, A. N. (2009).
Acute effects of morphine on distinct forms of impulsive behavior in rats.
Psychopharmacology (Berl) 205, 489–502. doi: 10.1007/s00213-009-1558-8

Peng, M. T., Jiang, M. J., and Hsu, H. K. (1980). Changes in running-wheel activity,
eating and drinking and their day/night distributions throughout the life span
of the rat. J. Gerontol. 35, 339–347. doi: 10.1093/geronj/35.3.339

Ramos, B. P., Birnbaum, S. G., Lindenmayer, I., Newton, S. S., Duman, R. S., and
Arnsten, A. F. T. (2003). Dysregulation of protein kinase a signaling in the
aged prefrontal cortex: new strategy for treating age-related cognitive decline.
Neuron 40, 835–845. doi: 10.1016/S0896-6273(03)00694-9

Ratcliff, R., Thapar, A., and McKoon, G. (2001). The effects of aging on reaction
time in a signal detection task. Psychol. Aging 16, 323–341. doi: 10.1037/0882-
7974.16.2.323

Raz, N., and Rodrigue, K. M. (2006). Differential aging of the brain: patterns,
cognitive correlates and modifiers. Neurosci. Biobehav. Rev. 30, 730–748. doi:
10.1016/j.neubiorev.2006.07.001

Retchkiman, I., Fischer, B., Platt, D., and Popa-Wagner, A. (1996). Seizure induced
C-Fos mRNA in the rat brain: comparison between young and aging animals.
Neurobiol. Aging 17, 41–44. doi: 10.1016/0197-4580(95)02022-5

Rieger, M., and Gauggel, S. (1999). Inhibitory after-effects in the stop signal
paradigm. Br. J. Psychol. 90, 509–518. doi: 10.1348/000712699161585

Robinson, E. S., Eagle, D. M., Economidou, D., Theobald, D. E., Mar, A. C.,
Murphy, E. R., et al. (2009). Behavioural characterisation of high impulsivity
on the 5-choice serial reaction time task: specific deficits in ’waiting’ versus
‘stopping’. Behav. Brain Res. 196, 310–316. doi: 10.1016/j.bbr.2008.09.021

Robinson, E. S., Eagle, D. M., Mar, A. C., Bari, A., Banerjee, G., Jiang, X.,
et al. (2008). Similar effects of the selective noradrenaline reuptake
inhibitor atomoxetine on three distinct forms of impulsivity in the rat.
Neuropsychopharmacology 33, 1028–1037. doi: 10.1038/sj.npp.1301487

Roesch, M. R., Bryden, D. W., Cerri, D. H., Haney, Z. R., and Schoenbaum, G.
(2012). Willingness to wait and altered encoding of time-discounted reward
in the orbitofrontal cortex with normal aging. J. Neurosci. 32, 5525–5533. doi:
10.1523/JNEUROSCI.0586-12.2012

Rush, B. K., Barch, D. M., and Braver, T. S. (2006). Accounting for cognitive aging:
context processing, inhibition or processing speed? Neuropsychol. Dev. Cogn. B
Aging Neuropsychol. Cogn. 13, 588–610. doi: 10.1080/13825580600680703

Salamone, J. D., Koychev, I., Correa, M., and McGuire, P. (2015). Neurobiological
basis of motivational deficits in psychopathology. Eur. Neuropsychopharmacol.
25, 1225–1238. doi: 10.1016/j.euroneuro.2014.08.014

Salthouse, T. A. (1996). The processing-speed theory of adult age differences in
cognition. Psychol. Rev. 103, 403–428. doi: 10.1037/0033-295X.103.3.403

Frontiers in Aging Neuroscience | www.frontiersin.org 12 August 2016 | Volume 8 | Article 190

http://www.frontiersin.org/Aging_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive


fnagi-08-00190 August 6, 2016 Time: 16:24 # 13

Beuk et al. Aging Effects in Rodent Countermanding

Schachar, R., and Logan, G. D. (1990). Impulsivity and inhibitory control in normal
development and childhood psychopathology. Dev. Psychol. 26, 710–720. doi:
10.1037/0012-1649.26.5.710

Schachar, R. J., Chen, S., Logan, G. D., Ornstein, T. J., Crosbie, J., Ickowicz, A.,
et al. (2004). Evidence for an error monitoring deficit in attention
deficit hyperactivity disorder. J. Abnorm. Child Psychol. 32, 285–293. doi:
10.1023/B:JACP.0000026142.11217.f2

Schmidt, R., Leventhal, D. K., Mallet, N., Chen, F., and Berke, J. D. (2013).
Canceling actions involves a race between basal ganglia pathways.Nat. Neurosci.
16, 1118–1124. doi: 10.1038/nn.3456

Sebastian, A., Baldermann, C., Feige, B., Katzev, M., Scheller, E., Hellwig, B., et al.
(2013). Differential effects of age on subcomponents of response inhibition.
Neurobiol. Aging 34, 2183–2193. doi: 10.1016/j.neurobiolaging.2013.03.013

Sengupta, P. (2013). The laboratory rat: relating its age with human’s. Int. J. Prev.
Med. 4, 624–630.

Stranahan, A. M., Jiam, N. T., Spiegel, A. M., and Gallagher, M. (2012). Aging
reduces total neuron number in the dorsal component of the rodent prefrontal
cortex. J. Comp. Neurol. 520, 1318–1326. doi: 10.1002/cne.22790

Tait, D. S., Chase, E. A., and Brown, V. J. (2013). Tacrine improves reversal learning
in older rats. Neuropharmacology 73, 284–289. doi: 10.1016/j.neuropharm.
2013.05.036

Tannock, R., Schachar, R. J., Carr, R. P., Chajczyk, D., and Logan, G. D. (1989).
Effects of methylphenidate on inhibitory control in hyperactive children.
J. Abnorm. Child Psychol. 17, 473–491. doi: 10.1007/BF00916508

Tisserand, D. J., and Jolles, J. (2003). On the involvement of prefrontal networks in
cognitive ageing. Cortex 39, 1107–1128. doi: 10.1016/S0010-9452(08)70880-3

Tisserand, D. J., van Boxtel, M. P., Pruessner, J. C., Hofman, P., Evans, A. C., and
Jolles, J. (2004). A voxel-based morphometric study to determine individual
differences in gray matter density associated with age and cognitive change over
time. Cereb. Cortex 14, 966–973. doi: 10.1093/cercor/bhh057

Torregrossa, M. M., Xie, M., and Taylor, J. R. (2012). Chronic corticosterone
exposure during adolescence reduces impulsive action but increases
impulsive choice and sensitivity to yohimbine in male Sprague-Dawley
rats. Neuropsychopharmacology 37, 1656–1670. doi: 10.1038/npp.2012.11

Van de Laar, M. C., Van den Wildenberg, W. P., Van Boxtel, G. J., and Van
der Molen, M. W. (2011). Lifespan changes in global and selective stopping
and performance adjustments. Front. Psychol. 2:357. doi: 10.3389/fpsyg.2011.
00357

Van den Bergh, F., Spronk, M., Ferreira, L., Bloemarts, E., Groenink, L., Olivier, B.,
et al. (2006). Relationship of delay aversion and response inhibition to
extinction learning, aggression, and sexual behaviour. Behav. Brain Res. 175,
75–81. doi: 10.1016/j.bbr.2006.08.003

Van Waas, M., and Soffié, M. (1996). Differential environmental modulations on
locomotor activity, exploration and spatial behaviour in young and old rats.
Physiol. Behav. 59, 265–271. doi: 10.1016/0031-9384(95)02151-5

Verbruggen, F., Chambers, C. D., and Logan, G. D. (2013). Fictitious inhibitory
differences: how skewness and slowing distort the estimation of stopping
latencies. Psychol. Sci. 24, 352–362. doi: 10.1177/0956797612457390

Walker, B. M., and Kissler, J. L. (2013). Dissociable effects of kappa-opioid receptor
activation on impulsive phenotypes in Wistar rats. Neuropsychopharmacology
38, 2278–2285. doi: 10.1038/npp.2013.129

Wallace, J. E., Krauter, E. E., and Campbell, B. A. (1980). Motor and reflexive
behavior in the aging rat. J. Gerontol. 35, 364–370. doi: 10.1093/geronj/35.
3.364

Williams, B. R., Ponesse, J. S., Schachar, R. J., Logan, G. D., and Tannock, R.
(1999). Development of inhibitory control across the life span. Dev. Psychol.
35, 205–213. doi: 10.1037/0012-1649.35.1.205

Willig, F., Palacios, A., Monmaur, P., M’Harzi, M., Laurent, J., and Delacour, J.
(1987). Short-term memory, exploration and locomotor activity in aged rats.
Neurobiol. Aging 8, 393–402. doi: 10.1016/0197-4580(87)90033-9

Winocur, G. (1992). A comparison of normal old rats and young adult rats with
lesions to the hippocampus or prefrontal cortex on a test of matching-to-
sample. Neuropsychologia 30, 769–781. doi: 10.1016/0028-3932(92)90081-V

Winter, J. C. (1997). The effects of age on continuous learning in the radial maze.
Physiol. Behav. 61, 609–612. doi: 10.1016/S0031-9384(96)00512-4

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Beuk, Beninger and Paré. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 13 August 2016 | Volume 8 | Article 190

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive

	Lifespan Changes in the Countermanding Performance of Young and Middle Aged Adult Rats
	Introduction
	Materials And Methods
	Animals
	Apparatus
	Procedure
	Statistical Analysis

	Results
	Total Number of Trials
	Go Trial RT
	Go Trial Accuracy
	Stop Signal Response Time
	Adaptive RT Adjustments

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


