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Circadian rhythms influence a variety of physiological and behavioral processes; however, little is known about how circa-

dian rhythms interact with the organisms’ ability to acquire and retain information about their environment. These exper-

iments tested whether rats trained outside their endogenous active period demonstrate the same rate of acquisition, daily

performance, and remote memory ability as their nocturnally trained counterparts in tasks of sustained attention and

spatial memory. Furthermore, we explored how daily task training influenced circadian patterns of activity. We found

that rats demonstrate better acquisition and performance on an operant task requiring attentional effort when trained

during the dark-phase. Time of day did not affect acquisition or performance on the Morris water maze; however,

when animals were retested 2 wk after their last day of training, they showed better remote memory if training originally

occurred during the dark-phase. Finally, attentional, but not spatial, task performance during the light-phase promotes a

shift toward diurnality and the synchronization of activity to the time of daily training; this shift was most robust when the

demands on the cognitive control of attention were highest. Our findings support a theory of bidirectional interactions

between cognitive performance and circadian processes and are consistent with the view that the circadian abnormalities

associated with shift-work, aging, and neuropsychiatric illnesses may contribute to the deleterious effects on cognition

often present in these populations. Furthermore, these findings suggest that time of day should be an important consider-

ation for a variety of cognitive tasks principally used in psychological and neuroscience research.

Endogenous circadian oscillators are responsible for daily changes
in both physiological and behavior systems. The role of circadian
rhythms in physiological processes has been well-characterized
and includes daily regulation of genes important for metabolic
homeostasis (Rutter et al. 2002), immune function (Oishi et al.
2003), cell development and proliferation (Meerlo et al. 2009),
and cell signaling (Barnes et al. 1977). Furthermore, circadian dys-
regulation has been linked to a variety of systemic pathologies
that have profound influences on human health and cognitive
function (Folkard and Akerstedt 2004; Waage et al. 2009; Lange
et al. 2010). While much of the basic physiology under control
of circadian pacemakers has been well-studied, the interactions
between these processes and cognitive behavior have been rela-
tively unexplored. Although there is evidence that performance
and learning may be influenced by circadian processes (for re-
views, see Daan 2000; Gerstner and Yin 2010), we have little infor-
mation about how regularly timed cognitive processes impact
circadian rhythms; in particular, can rhythms be modified by ex-
perience to optimize task acquisition or augment performance?

The role of circadian effects on learning and memory has
long been of interest to researchers. Early findings by Holloway
and Wansley demonstrated that passive avoidance performance
was optimized periodically at 24-h intervals following learning
(Holloway and Wansley 1973a,b; Wansley and Holloway 1976),
and it was later determined that this periodic performance was de-
pendent upon an intact suprachiasmatic nucleus (SCN) (Stephan
and Kovacevic 1978). Investigators have also examined how SCN-
driven biological rhythms interact with performance through
time-of-day studies on learning. For example, habituation to
auditory cues in pigeons (Valentinuzzi and Ferrari 1997) and ha-

bituation to spatial novelty in mice (Valentinuzzi et al. 2000)
were more robust during the animal’s endogenous active phase.
Hoffmann and Balschun (1992) illustrated that mice, trained on
an alternating T-maze, produced fewer errors and faster rates of ac-
quisition when training occurred during the dark-phase; and in
studies of contextual and cued fear conditioning, time-of-day ef-
fects have been reported in acquisition, recall, and extinction
learning (Chaudhury and Colwell 2002; Eckel-Mahan et al. 2008).

The series of experiments were designed to determine how
daily cognitive task performance at different times of day modifies
patterns of activity and if the strength of this modification pre-
dicts future performance in two different cognitive tasks. The first
was a discrimination-based operant task requiring sustained peri-
ods of attentional effort and is dependent upon the basal fore-
brain cholinergic system for above chance levels of performance
(McGaughy et al. 1996). Sustained attention can be defined as an
individual’s readiness to detect the presence of a rarely occurring
signal over a prolonged period of time and their ability to correctly
discriminate the presence or absence of this signal from nonsignal
events or “noise” (Sarter et al. 2001). The sustained attention task
(SAT) requires animals to discriminate a brief and unpredictable
cue over a prolonged period and report the presentation orabsence
of the cue through a lever response for a water reward. Training
takes several weeks with animals advancing through two shaping
stages that establish the operant associations necessary for per-
forming the final version of the task. In the final version of the
task, illumination of the testing chamber increases demands on
cognitive control and requires animals to constrain their behavior
toward the reward panel during the variable inter-trial interval to
optimize performance (see Materials and Methods).

The second task was the Morris water maze (MWM), a com-
monly used task of hippocampal-dependent spatial learning in ro-
dents (Morris 1984). We chose two tasks that were cognitive in
nature but otherwise very different. The SAT is appetitive and
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requires the discrimination of an unpredictable signal for a reward
(McGaughy and Sarter 1995), while the MWM is aversive, produc-
es a stress response, and relies on an intrinsic motivation of ani-
mals to escape the water (Morris 1984; Brandeis et al. 1989;
Hodges 1996; Aguilar-Valles et al. 2005; Harrison et al. 2009).
The SAT requires sustained periods of attentional effort and is
cholinergic-dependent (McGaughy et al. 1996). The MWM does
not appear to be dependent on basal forebrain cholinergic signal-
ing (Baxter et al. 1995, 1996; Baxter and Gallagher 1996), al-
though it may sequester brief periods of attentional control for
the augmentation of performance (Brandner and Schenk 1998;
Parent and Baxter 2004). The MWM is additionally spatial, depen-
dent on an intact hippocampus, and requires the use of visual and
proprioceptive feedback for the animals to reach their objective
(Morris et al. 1982). The SAT is critically dependent on associa-
tive areas, including the prefrontal cortex, and the basal fore-
brain cholinergic system to maintain attentional performance
(McGaughy et al. 1996). Both tasks are similar in that they are fairly
challenging under our training conditions: the SAT requires sever-
al stages of associative learning and takes many weeks to achieve
criterion performance on the final version of the task, while water
maze training was limited to a single training trial each day to en-
hance the dependence on 24-h retention
memory and to increase the level of task
difficulty. Our goal was to select diver-
gent cognitive tasks, representing a broad
spectrum of cognitive learning and per-
formance that would best allow us to
characterize the interaction of cognition
and circadian systems.

Wetrainedgroupsofanimalshoused
in a 12:12-h light–dark (LD) schedule 4 h
after the onset of the dark-phase (ZT16) or
4 or 10 h after the onset of the light-phase
(ZT4 and ZT10, respectively) (see Fig. 1A).
We measured whether the rate of acqui-
sition and level of performance was influ-
encedby time of dayas has been described
in some performance tasks. Secondly, we
tested how timed daily task performance
influenced daily patterns of activity
acutely and how these patterns of activity
changed over long periods of continu-
ous daily training. Finally, we explored
whether the strength of cognitive en-
trainment, as measured by phase markers
of activity to the time of task training, are
predictive of future task performance.

Here, we report that time of day did
not affect acquisition or performance on
the Morris water maze as has been dem-
onstrated previously (Valentinuzzi et al.
2004); however, we did find that remote
memory for platform location, when
tested 2 wk after the last day of train-
ing, is significantly better if acquisition
had originally occurred during the dark-
phase. Sustained attention task perfor-
mance during the light-phase synchro-
nizes activity to the time of daily
training, producing a diurnal phenotype.
This change in activity was most robust
when animals were advanced to the final
version of the task that coincides with
the period where the demands on the
cognitive control of attention are the

highest. In contrast, hippocampal-dependent spatial training on
the water maze had almost no effect on daily activity rhythms.
In conclusion, our findings support the theory that cognitive per-
formance and circadian processes can interact in a bidirectional
manner and are consistent with the view that the deficits on cog-
nition associated with aging, neuropsychiatric illnesses, and shift-
work may be related to abnormalities in circadian function.

Results

An experimental outline for this study is presented in Figure 1.
Groups I, II, and III reflect training groups comprised of animals
that underwent SAT operant training. Group IV animals represent
Morris water maze-trained animals. All animals were randomly
assigned to groups following their arrival from the supplier (see
Materials and Methods for details).

Acquisition rate and performance in a task of

sustained attention is dependent on time of day

All SAT-trained animals from Group I reached criterion perfor-
mance within 144 d of training, demonstrating the ability to

A

B

Figure 1. Study design and timeline. (A) Training schedule for animals training on the sustained at-
tention task or Morris water maze. All animals were maintained on a 12:12-h LD schedule with animals
training at one of three training times (ZT4: 4 h after lights-on; ZT10: 10 h after lights-on; and ZT16: 4 h
after lights-off). (B) Design for four experimental groups used in this study: Group I animals consisted of
three different time-of-day SAT training groups. White bars represent training at ZT4, gray bars repre-
sent training at ZT10, black bars represent training at ZT16. Group II and Group IV animals consisted of
animals training at ZT4 and ZT16 only. Group III animals trained on the SAT at ZT4 only. Group II
animals had their training times reversed after reaching asymptotic performance. dSAT represents a
challenge session where the middle 54 trials of a training session are performed in the presence of a
flashing house-light as a distracter (see Materials and Methods and Fig. 3D, below, for illustration).
Group III animals were trained to criterion on the SAT on the full version of the task (162 trials,
�40 min). After reaching criterion, animals continued training for 30 additional days on an 8-min
version of the task. Group IV animals were trained on the Morris water maze for a period of 28 d.
Following training, animals were housed in constant darkness until the remote memory test 14 d
later. Sustained attention task (SAT), distracter sustained attention task (dSAT).
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acquire the task regardless of the time of day that training occurs.
Time of daily training, however, substantially influenced the rate
of acquisition (Fig. 2A,B). Criterion performance was defined as
three consecutive sessions with performance .70% for all nonsig-
nal trials and .70% for the longest signal trials (500 msec) on the
final stage of training (see Materials and Methods). Differences in
acquisition were driven entirely by acquisition during the
last stage of training where signal trials are shortened and the
house-light is illuminated, augmenting demands for attentional
control. Acquisition did not significantly differ across the two
brief stages of shaping designed to introduce animals to lever
pressing for reward and discrimination of signal and nonsignal tri-
al types. Figure 2A denotes absolute time to criterion for each an-
imal plotted along the x-axis from first to last for all 36 animals
trained (n ¼ 12 per group), sorted by
time of daily training. Animals trained
at ZT16 consistently showed fewer days
to reach criterion, with animals trained
at ZT4 taking the longest time to achieve
criterion, and animals trained at ZT10
falling in between. ZT16 animals, on av-
erage, showed the fastest acquisition
rate (40.2+6.8 d), followed by ZT10
(50.5+7.8 d) and ZT4 (77.6+11.0 d).
There was a significant main effect of
training time on acquisition as defined by
time to criterion performance (F(2,33)¼

4.847, P ¼ 0.014). Post-hoc analysis re-
vealed significant differences in the
number of days to reach criterion be-
tween ZT4 and ZT10 (P ¼ 0.036) and
between ZT4 and ZT16 (P ¼ 0.013) but
not between ZT10 and ZT16 (Fig. 2B).
This basic pattern was conserved for all
animals in this study, with the slowest
ZT16 animals generally reaching criteri-
on faster than the slowest ZT4 animals,
and the ZT10 animals in the middle, as
demonstrated in Figure 2A. These data
demonstrate that, in tasks requiring sus-
tained levelsof attention, animals trained
outside of their endogenously driven pe-
riod of activity show deficiencies in their
rate of acquisition.

We also assessed whether animals
trained at different times of day would
show relative differences in peak perfor-
mance on the well-trained task. Post-cri-
terion performance of ZT16 animals was
significantly better than that of the ZT4
training groups and marginally better
than that of the ZT10 training group
(Fig. 2C,D). There was an expected with-
in-subjects effect of signal duration as an-
imals performed better on longer signal
trials (F(2,64) ¼ 372.097, P , 0.001) and a
between-subjects main effect of time of
daily training on performance as charac-
terized by the vigilance score (F(2,32) ¼

3.371, P , 0.047) (Fig. 2D). The vigilance
score is a composite value combining sig-
nal and nonsignal trial performance at
each signal duration into one metric
(see Materials and Methods). Post-hoc
analysis revealed ZT16 animals showed
significantly better performance on the

longest and shortest signal trials when compared to animals train-
ing at ZT4 (500 msec: P ¼ 0.009; 50 msec: P ¼ 0.092; 25 msec: P ¼
0.047). This was driven primarily by differences in hit rates on sig-
nal trials (F(2,32) ¼ 3.551, P ¼ 0.040), as no significant effects on
nonsignal trial responses were observed (Correct Rejection
Ratio; F(2,32) ¼ 0.592, P ¼ 0.559) (Fig. 2C). This suggests that ani-
mals training at ZT4 have more difficulty detecting unpredictable
signals when they do occur. ZT10 animals had intermediate per-
formance at all signal durations that did not differ significantly
from the ZT4 or ZT16 training groups.

Because ZT4 animals show lower maximal levels of perfor-
mance, as demonstrated in Figure 2C, we were concerned that
by applying the same threshold for criterion across all training
groups (70% correct on nonsignal trials and 70% correct on
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Figure 2. Acquisition and criterion performance for Group I. (A) Days to criterion for individual
animals plotted from longest to shortest for all SAT-trained animals by time of daily training (n ¼ 36;
12 animals/group). (B) Mean days to criterion by training time+SEM, (∗) P , 0.05. Criterion perfor-
mance is defined as the time needed for animals to reach 70% accuracy on nonsignal trials (correct re-
jections) and 70% accuracy on the longest signal duration trials (hits: 500 msec). (C) Correct rejection
ratio and overall SAT score by training time+SEM, (∗) P , 0.05. SAT score provides a composite
measure of performance that includes both signal and nonsignal trials across all three signal durations.
A score of 0 represents chance performance or a complete lack of ability to discriminate between signal
and nonsignal events, while a score of 1 represents perfect performance, with animals providing correct
responses on every trial (see Materials and Methods). (D) SAT score by signal duration across all three
training groups+SEM, (∗) P , 0.05. (SAT score ¼ vigilance index [vi] at 500-msec, 50-msec, and
25-msec signal durations). (E) Mean number of days for animals to reach 90%–70% of their own
asymptotic performance by group+SEM, (∗) P , 0.05. (F) Rate of acquisition relative to individual
asymptotic performance. Figure plots number of days for animals to reach 90% of their asymptotic
performance (x-axis) plotted against their SAT score on that date (y-axis). Slope represents the rate
of acquisition for each population.
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longest-duration signal trials), we may be biasing our measure of
acquisition rate. Therefore, we also looked at acquisition rate rel-
ative to the established asymptotic level of performance for each
animal. Our results revealed a significant main effect of time of
daily training on the rate of acquisition for time to 90% of asymp-
totic performance (F(2,32) ¼ 3.492, P ¼ 0.042), time to 80% of
asymptotic performance (F(2,32) ¼ 3.312, P ¼ 0.049), and near-sig-
nificance for time to 70% of asymptotic performance (F(2,32) ¼

3.141, P ¼ 0.057). Post-hoc analysis revealed significant differ-
ences in the number of days to reach criterion between ZT4 and
ZT16 (90%; P ¼ 0.013, 80%; P ¼ 0.016); however, all other com-
parisons were nonsignificant (Fig. 2E). The acquisition rate for
time to 90% of asymptotic performance is presented in Figure
2F. A line has been fit from the first day of training (chance perfor-
mance) to the mean first three days of 90% of maximal perfor-
mance, with the slope representing the rate of acquisition for
the population by training time. Note that animals training at
ZT16 show more rapid acquisition than ZT10 or ZT4 training
groups even when criterion standards are adjusted to reflect rela-
tive levels of asymptotic performance.

Task performance in well-trained animals

is dynamic
In addition to testing how rate of acquisi-
tion and absolute performance differed
by time of day for the SAT, we evaluated
how performance by animals would be
affected by reversing the time of daily
training. After reaching stable perfor-
mance, Group II animals were removed
from training and allowed to return to a
stable nocturnal pattern of entrainment
(34 d). Afterward, animals were switched
to training during the phase opposite of
their previous training time: ZT4 animals
were trained at ZT16, and ZT16 animals
were trained at ZT4. The goal was to
determine if asymptoticperformancewas
influenced by time of training once the
acquisition period was over. We deter-
mined that under either condition, there
was a significant main effect of reversal
on performance as measured by vigi-
lance score (F(1,19) ¼ 8.844, P ¼ 0.008)
(Fig. 3A,B). ZT16 animals showed a ro-
bust decrease in performance when
trained at ZT4 (F(1,10)¼ 7.927, P ¼ 0.018)
(Fig. 3A). ZT4 animals showed robust
increases in performance when trained
at ZT16 (F(1,9) ¼ 11.277, P ¼ 0.008) (Fig.
3B). Interestingly, we noted that animals
originally trained at ZT4, when trained
at ZT16, were incapable of reaching the
same performance level as animals that
were originally trained at ZT16 (t(1,19) ¼

2.738 P ¼ 0.013; ZT4 animals later
trained at ZT16: SAT score ¼ 0.586+

0.127; ZT16: SAT score ¼ 0.721+0.079)
(Fig. 3C). This time-of-day acquisition ef-
fect also impacted those animals trained
at ZT16 originally; their performance
when training at ZT4 never fell to the lev-
el of animals that were originally trained
at ZT4 (t(1,19) ¼ 2.527 P ¼ 0.021; ZT16
trained at ZT4: SAT score¼0.615+0.113;

ZT4: SAT score ¼ 0.476+0.131) (Fig. 3C). This finding reveals a
training history effect that may play an important role in future
performance and suggests that deficits associated with rest phase
(daytime) task acquisition may have long-lasting or even perma-
nent effects on performance.

Distracter performance is time-of-day sensitive
We also compared how animals training at different phases of the
light–dark cycle performed on trials with unexpected challenge
sessions. Two “distracter” sessions (dSAT) were administered be-
fore the reversal in training time, separated by several days; fol-
lowed by two additional sessions, separated by several days, at
the conclusion of the 30-d reversal training period. The challenge
session consists of trials where the house-light cycles on and off
at 0.5 Hz during the middle block (54 trials) of the 162-trial train-
ing session. Sustained attention performance under challenging
conditions (e.g., distracter presentation or fatigue) is thought to
emphasize top-down optimization of input processing for the
maintenance of performance (Sarter et al. 2005, 2006; Kozak
et al. 2006; Parikh et al. 2007; St. Peters et al. 2011). There was
no interaction of order by training time on dSAT performance;
therefore, dSAT sessions from before and after the reversal were

A C
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Figure 3. Time-of-day reversal training and dSAT performance for Group II. (A) SAT score of
ZT16-trained animals by signal duration switched to training at ZT4. Baseline period consists of final
10 d of training at asymptotic performance. Interval between baseline and restarting training for
both groups was 34 d. Reversal training continued for 30 d. (RV1) Reversal days 1–10, (RV2) reversal
days 11–20, (RV3) reversal days 21–30. (Inset) Overall SAT score by 10-d periods+SEM, (∗) P ,

0.05. (B) Baseline, (RV) reversal period. (B) SAT score of ZT4-trained animals by signal duration switched
to training at ZT16. (C) History effect comparing performance of animals from before and after reversal
of training time. SAT score by baseline and reversal periods 1–3+SEM, (∗) P , 0.05. (D) dSAT perfor-
mance for animals in Group II by block+SEM, (∗) P , 0.05. Blocks 1 and 3 consist of standard trial
types. Block 2 consists of trials where distracter is present.
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binned together by training time. Testing at ZT16 resulted in sig-
nificantly better performance compared to performance scores
when animals were tested at ZT4: SAT score (t(1,40) ¼ 24.130,
P , 0.001) (Fig. 3D). There was a within-subjects effect of training
block and a main effect of training time on performance (F(1,40) ¼

4.138, P , 0.049). Paired t-test analysis revealed that this effect
was significant at all signal durations—500 msec: P , 0.006, 50
msec: P , 0.001, 25 msec: P ¼ 0.020)—suggesting that under
conditions of extreme attentional challenge, animals, when test-
ed at ZT16, performed better and recovered faster (Block 3 perfor-
mance) than when they were tested at ZT4.

Daily SAT performance entrains activity rhythms

and entrainment predicts performance
We quantified the change in diurnal activity at each stage of train-
ing to assess how task acquisition influences daily distribution of
activity rhythms. Animals trained at ZT16 show a decrease in
light–dark (LD) activity ratio relative to their pretraining baseline
and a condensing of activity during the lights-off portion of the
24-h day as animals advanced through each stage of training
(i.e., activity begins several hours later into the dark-phase and
ends earlier relative to the onset of the light-phase) (Figs. 4, 6C, be-
low). ZT4 and ZT10 animals both showed increases in LD ratio as
training progressed across each phase of training concurrent with
an increase in synchronized activity, or entrainment, beginning
several hours before training (Figs 4, 6A,C, below). Unexpectedly,
we discovered sharp changes in activity patterns at transition
points during task acquisition that have not previously been re-
ported. Both daytime-trained groups showed modest increases
in diurnal activity during water shaping and lever training (Fig.
6A, below); however, a profound shift in light–dark ratio was cor-
related with the transition to the final stage of training that re-
quires orienting toward and maintaining attentional focus on
the intelligence panel (SAT). During the final stage of training,
because of the illumination of the house-light, animals are re-
quired to attend to the signal cue directly, as orienting away
from the intelligence panel increases the likelihood of missing a
signal cue. Figure 4 depicts representative actograms spanning 60 d
from two ZT4 (Rat 11, Rat 14; early-day)-trained animals and one
ZT16 (Rat 30; early-night)-trained animal. Baseline data collected
during the first 10-d period demonstrates the nocturnal pattern
of activity endogenous to all animals prior to training. Animals
training at ZT4 generally adopt one of two strategies for daytime
training, as depicted in Figure 4: Rat 11 provides an example of
a delayed activity onset phenotype, where animals extend their
late-night activity through the time of task performance and delay
the onset of their nighttime activity until several hours after
lights-off; the more common phenotype, represented by rat 14,
is to increase activity before task onset and remain somewhat day-
active until several hours after lights-off. In addition, these ani-
mals generally show decreased late-night/early-morning activity.
Neither rat 11 nor rat 14 reached criterion within the 60-d period
shown in the figure—criterion performance was met on day 91 for
rat 11 and day 80 for rat 14. The last 9 d of Figure 4 show the last 2 d
of SAT training after animals reached criterion and the first 7 d of
activity under conditions of total darkness after training had
stopped. The presence of activity at the time of day that training
would have normally occurred under conditions of total darkness
(DD) confirms that training on the SAT produces a stable circadian
relationship for the zeitgeber event (i.e., SAT), as reported previ-
ously for light-phase-trained animals (Gritton et al. 2009). Time
histograms at the bottom of Figure 4 provide 10-d averages of
the daily activity shown above for the baseline and SAT phases
of training.

The Figure 6C (below) baseline period shows the average col-
lective histogram distribution of activity for all 36 animals from
this experimental group. ZT4, ZT10, and ZT16 activity distribu-
tions during the final stages of SAT training for all animals within
each respective group are plotted below the baseline plot and rep-
resent the average activity profile for animals from each training
time.

We quantified the changes in diurnal activity byanalyzing the
ratio of light-phase activity/dark-phase activity (LD ratio). ANOVA
revealed a significant main effect of time of daily training on the
LD ratio (F(2,33) ¼ 10.448, P , 0.001) (Fig. 6A, below) and revealed
a group by stage-of-training interaction (F(6,99) ¼ 13.947, P ,

0.001). Post-hoc analysis determined that the ZT4 training group
differed from the ZT16 training group at all points other than base-
line (H20 Shaping, P ¼ 0.029; Discrimination Learning, P ¼ 0.024;
SAT, P ¼ 0.018). ZT4 animals did not differ from ZT10 animals until
the final stage of training (P ¼ 0.048) (Fig. 6A, below).

We also assessed the relationship between diurnality and
performance when animals reached criterion on the SAT. Figure
6B (below) plots performance as measured by overall SAT score
vs. LD ratio for all animals. Animals trained at ZT4 show a signifi-
cant positive correlation between diurnality and performance
(Pearson correlation ¼ 0.809, P , 0.001). This relationship was
also positive for animals trained at ZT10 and negative for animals
trained at ZT16, although neither correlation was significant
(ZT10: Pearson correlation ¼ 0.208, P ¼ 0.540; ZT16: Pearson
correlation ¼ 20.225, P ¼ 0.482). These findings indicate that en-
trainment, as measured by the LD ratio, is predictive of perfor-
mance for ZT4 trained animals and suggests that entrainment is
a necessary component of cognitive performance in animals
training outside of their endogenous active period.

Brief periods of daily SAT performance are

sufficient to entrain activity rhythms
In a final experiment involving animals trained on the SAT, we
compared how time on task (in minutes) each day influences en-
trainment. Our goal was to distinguish if duration of cognitive
training is an essential element in maintaining entrainment, as
measured by activity distribution and the onset of activity in an-
ticipation of time of training. In order to answer this question,
we trained a group of animals at ZT4 to criterion on the full
version of the task (�40 min; long-version [LV]). Following acqui-
sition, animals continued daily training on an abbreviated version
of the task (8 min; short-version [SV]) for 30 additional days.
Figure 5 consists of representative actograms spanning 60 d
from two animals from this training group. We compared both
LD ratio and the onset of anticipatory activity relative to SAT
training time for the last 10 d of activity under each stage of train-
ing (i.e., 40 min and 8 min). Paired t-test analysis revealed no sig-
nificant differences in LD ratio between the long and short
versions of the task (t(1,11)¼ 20.556, P ¼ 0.589; LV ¼ 1.13+0.28;
SV ¼ 1.12+0.27) or the onset of activity phase relative to training
time (t(1,11) ¼ 0.540, P ¼ 0.600; LV ¼ 63.3+9.1 min; SV ¼ 60.8+

5.7 min). In addition, we compared across treatment groups, total
bins of activity (BOA), BOA during the light-phase, and BOA dur-
ing the dark-phase to assess if the change in the duration of train-
ing had any effect on animal locomotor distribution. Statistical
analysis was carried out for the final 10 d of activity records under
both the LV and SV of task training. Paired t-tests revealed no sig-
nificant differences in total activity (t(1,11) ¼ 0.390, P ¼ 0.704;
LV ¼ 31.33+2.87 BOA; SV ¼ 31.08+2.70 BOA), activity during
the light-phase (t(1,11)¼ 0.368, P ¼ 0.720; LV ¼ 16.65+1.45 BOA;
SV¼ 16.40+1.55 BOA), or activity during the dark-phase (t(1,11)¼

0.009, P ¼ 0.993; LV ¼ 14.68+2.06 BOA; SV¼ 14.67+2.00 BOA).
The plots in Figure 6D confirm the statistical findings and reveal
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Figure 4. Representative double-plotted actograms for three animals training on the SAT. SAT training is relative to the topmost LD bar (where dark bar ¼ lights-off), and the training marker represents
the �40-min period in which animals are absent from their home cages during SAT training. Superimposed gray shading over the actogram marks periods where lights are off. Actograms are separated
into two phases: The first phase represents a continuous 60 d, with the baseline period reflecting the first 10 plotted days. The dashed line denotes the onset of the water deprivation and a 3- or 4-d
shaping phase (learning to press levers). The solid lines denote a variable training phase during which animals are introduced to discriminating between signal and nonsignal trials with the house-light off
(discrimination learning). The following period represents training on the final version of the SAT and is characterized by a robust increase in anticipation for the daily training session and changes in
nocturnal activity distribution. The hatched area represents the 3-d period in which this animal reaches criterion performance (see Results and Materials and Methods). The second phase of the actogram
illustrates the final 2 d of SAT training and the first 7 d of activity under constant conditions after training had ceased (total darkness: DD). Note that activity continues at the time training would have
normally occurred for several days after training had stopped under constant conditions. Time histograms at the bottom of each actogram represent averages of the daily bins of activity shown above from
both baseline and SAT phases of training, with 48 h per line.
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Figure 5. Double-plotted actograms for two Group III SAT-trained animals. Actograms represent the final 53 d of training and the first 7 d of activity after training had ceased under constant conditions.
After reaching criterion on the full version of the task (40-min version), training was reduced to one block of trials (�8-min version) and continued for 30 d. The dashed line denotes the onset of the
abbreviated training paradigm. The solid line denotes the onset of the first 7 d of activity under constant conditions after training had ceased (total darkness: DD). Rat 4 showed particularly strong en-
trainment to the time of training with activity originating at the time training would have occurred over all 7 d shown. Rat 5 shows a more representative level of entrainment with activity persisting from
the time training would have occurred for 3 d under constant conditions. Time histograms at the bottom of each actogram represent averages of the daily bins of activity shown above for the final 10 d of
training under the full training paradigm (40 min) and the abbreviated training paradigm (8 min). Note the similarities in activity under either training condition suggesting duration of training is not a
key factor in determining the amplitude of light-phase activity.
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that the collective distribution of activity for animals from the
two training conditions does not differ substantially. These results
reveal that the duration of SAT training is not a key driver in main-
taining a diurnal activity distribution.

Finally, we assessed how entrainment, as measured by days of
continuous activity originating from the time training would
have normally occurred, persisted under conditions of total dark-
ness. We compared the days of free-run activity from Group I
animals trained at ZT4 (40 min) with those of Group III animals
trained for 30 d under the abbreviated training condition
(8 min). This data is represented in the distribution histogram
shown in Figure 6E. Our analysis revealed no significant differ-
ences in free-run activity between groups (F(1,22) ¼ 0.164, P ¼

0.871; (40-min: 3.83+0.69 d; 8-min: 3.67+0.74 d). We also as-
sessed entrainment under conditions of constant darkness by
comparing bins of activity from the period that would have corre-
sponded to the light-phase across both training groups. Repeated-
measures ANOVA revealed a substantial within-subjects effect of
day (F(9,198) ¼ 6.190 P , 0.001), confirming that animals show
more diurnal behavior on the first day of constant conditions
than on subsequent days. However, our analysis revealed no be-
tween-subjects effects of training duration on measures of activity
from the corresponding light-phase period (F(1,22) ¼ 0.662, P ¼
0.425). These analyses suggest that duration of task performance
is not correlated to the strength of SAT entrainment as assessed
by activity in constant conditions.

A

C

D E

B

Figure 6. Mean activity ratios and effects of entrainment on performance. (A) Light–dark ratio of activity from animals across distinct stages of SAT
training (left) and at criterion (right) for Group I animals (LD ratio+SEM, (∗) P , 0.05). (B) Correlation between performance (SAT score) at criterion
and LD ratio. (C) Mean double-plotted histograms for all animals from Group I+SEM: x-axis is plotted in zeitgeber time (ZT) and y-axis (left) represents
wheel revolutions with activity grouped into 10-min bins. Mean total daily counts+SEM are expressed on the right. Baseline activity represents activity
from all animals prior to training. SAT training is relative to the topmost LD bar (dark bar ¼ lights-off). ZT4 (white), ZT10 (gray), and ZT16 (black) mean
histograms are taken from the last 10 d of the experiment with all animals at criterion performance. The inner line represents mean activity and upper
shading represents SEM. (D) Mean histograms for animals from Group III+SEM training at ZT4: x-axis is zeitgeber time and y-axis (left) is wheel revo-
lutions in bins of 10 min. Hatched shading is mean daily activity for all animals from last 10 d of training on the 40-min version of the task+SEM.
Gray shading is mean daily activity from the same animals for the last 10 d of training on the abbreviated version of the task+SEM. (E) Histogram dem-
onstrating the distribution of free-run activity originating from the time training would have occurred under constant conditions for all animals within
each training group (40 min vs. 8 min). All animals showed a minimum of at least 1 d of activity with one animal from each group showing as many
as 9–10 d of activity (40-min mean ¼ 3.83+0.69 d; 8-min mean ¼ 3.67+0.74 d).
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Water maze acquisition rate and performance

are time-of-day insensitive while remote memory

is time-of-day sensitive
In addition to testing the effects of cognitive learning on time-
of-day performance in a sustained attention task, we tested how
performance in a hippocampal-dependent spatial memory task
was impacted by time of day. We found no significant differences
in task acquisition by treatment group in time to platform for the
animals trained in the MWM (F(1,14) ¼ 0.606, P ¼ 0.449) (Fig. 7A).
Repeated-measures ANOVA also revealed no significant main
effect of treatment group for swim speed (F(1,14) ¼ 0.513 P ¼
0.486) or path length (F(1,14) ¼ 0.751, P ¼ 0.401). Probe trial anal-
ysis did not reveal a main effect of training time during the acqui-
sition phase on Gallagher proximity (F(1,14) ¼ 0.261, P ¼ 0.618)
(Fig. 7B) or quadrant analysis (F(1,14) ¼ 0.064, P ¼ 0.805).

We also assessed how time-of-day training may have impact-
ed remote memory. Following the last training trial on day 28, rats
were released into constant darkness where they remained for 14
d. Animals were, thus, given the remote memory test under free-
running conditions. Differences in remote memory were made
by comparing performance between probe trials 7 and 8. Paired
samples t-tests revealed a significant change in performance as as-
sayed by time spent in the target quadrant (qT) after the 2 wk
without training for ZT4 (t(1,7) ¼ 2.901, P ¼ 0.023) but not for
ZT16 animals (t(1,7) ¼ 20.414, P ¼ 0.691). Further analysis re-
vealed significant differences in overall performance for time
spent in platform location between groups (t(1,14) ¼ 22.274, P ¼
0.039; ZT4 qT ¼ 24.84+4.3%; ZT16 qT ¼ 36.30+2.6%) on probe
trial 8 despite nonsignificant differences in performance on probe
trial 7 (t(1,14) ¼ 0.025, P ¼ 0.980; ZT4 qT ¼ 35.26+4.4%; ZT16
qT ¼ 35.11+4.0%) (Fig. 7C). Similar results were found for Gal-
lagher proximity with ZT4 animals showing impairment follow-
ing the retention period (t(1,7) ¼ 23.740, P ¼ 0.007) and signifi-
cant differences between groups for performance on probe trial
8 only (t(1,14) ¼ 2.249, P ¼ 0.041) (Fig. 7B).

Water maze training does not alter daily

patterns of activity
Animals trained on the Morris water maze showed slight changes
in LD ratio in response to daily training. Similar to ZT16 animals
on the SAT, ZT16 MWM-trained animals showed a slight decrease
in light–dark ratio and a condensing of activity during the early
portion of the lights-off phase of the LD cycle (Fig. 8). ZT16 ani-
mals also showed an increase in activity in anticipation for daily
water maze training relative to handling alone (Fig. 9A). ZT4 ani-
mals showed subtle increases in activity in the light-phase as a re-
sult of daily handling and water maze training. Figure 8 shows
representative actograms spanning 45 d from a subjective daytime
(ZT4)- and nighttime (ZT16)-trained animal. Baseline data indi-
cates strong nocturnal patterns of activity in both animals prior
to training. The 7-d period that follows represents 1 wk of timed
daily handling at ZT4 or ZT16, respectively, prior to the initiation
of MWM training on day 16 of the actogram. Remaining activity
denotes the daily MWM training portion of the experiment and
represents the first 24 d of the 28-d training period. The bottom
portion of activity in Figure 8 shows the last 2 d of MWM training
and the subsequent period of activity under conditions of total
darkness. Note the lack of activity in both amplitude and persis-
tence relative to the time training would have occurred, compared
to animals training on the SAT (Fig. 4). Time histograms at the bot-
tom of Figure 8 represent the averaged activity for the baseline pe-
riod, handling period, and MWM periods shown above.

Although ZT4 animals displayed increases in activity at the
onset of training that extended throughout the 30-d training

period, these changes were minimal compared to animals training
on the SAT and were not significantly different from animals
training at ZT16 on the MWM (F(1,14) ¼ 1.228, P ¼ 0.286) (Fig.
9A). Figure 9B represents the collective activity profile of all ani-
mals by training time over the final 10 d of water maze training
(ZT4, n ¼ 8; ZT16, n ¼ 8). Baseline data include all 16 animals in
the study.

Discussion

The purpose of this study was to address three questions: (1) Is
there a time-of-day effect on the acquisition, daily performance,
and remote memory ability of animals across multiple tasks of

A

B
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Figure 7. Morris water maze acquisition and remote memory. (A)
Acquisition rate as measured by time to platform for all animals in the
study grouped by time of training (ZT4, n ¼ 8; ZT16, n ¼ 8). Data were
binned across 3 d and represents time in sec+SEM. No significant differ-
ences were found between groups. (B) Probe trial performance as mea-
sured by average distance to platform during the 60-sec probe trial
(Gallagher proximity)+SEM, (∗) P , 0.05. (Insets) Three-dimensional
(3D) heat maps represent relative location density during probe trial
(warm colors ¼ higher density of activity, cooler colors ¼ little or no
time spent in that location). Heat maps for probe trials 1 and 7
combine location density for all animals (n ¼ 16). Heat maps for probe
trial 8 are separated by group: (top) ZT4 (n ¼ 8), (bottom) ZT16 (n ¼ 8).
(C) Quadrant analysis during probe trials 7 and 8+SEM, (∗) P , 0.05.
Note nonsignificant differences for treatment groups for time spent in
target quadrant on probe trial 7. During the remote memory test
(probe trial 8), ZT4 animals returned to chance performance (�25%),
while ZT16 animals did not differ from their probe trial 7 performance.
(qT) Target quadrant, (qO) quadrant opposite target, (qRT) quadrant to
right of target, (qLT) quadrant to left of target.
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cognitive learning? (2) Does the timed daily performance of these
tasks influence daily patterns of activity acutely and do markers of
activity and entrainment change over the course of task acquisi-
tion? (3) Does the underlying level of task synchronization (i.e.,
based on measures of anticipatory activity in advance of daily
training and LD ratio) correlate with task performance?

Differences in acquisition or performance associated with
time of day occur for some tasks in rodents and humans
(Hoffmann and Balschun 1992; Chaudhury and Colwell 2002;
Allen et al. 2008; Hogan et al. 2009) but not for others (Devan
et al. 2001; Ralph et al. 2002; Cain et al. 2004; Valentinuzzi
et al. 2004). Our results indicate that for cognitive tasks requiring
sustained periods of attentional effort, there is a clear and robust

impact of time of daily training on acquisition and performance
(Fig. 2A–F). Animals trained daily 4 h after lights-off (ZT16)
reached criterion performance twice as fast as animals trained
4 h after lights-on (ZT4) and demonstrated higher asymptotic per-
formance than both daytime training groups (ZT4, ZT10).

When we compared differences in post-criterion perfor-
mance, effects of training time were not limited to the standard
versions of the task, as ZT16-trained animals performed better
on unexpected dSAT challenge sessions when compared to ZT4
animals (Fig. 3D). In order to dissociate performance deficits
associated with daytime training from daytime task acquisition,
a second group of animals underwent reversal training once
they reached asymptotic performance. The deleterious effect of

Figure 8. Representative double-plotted actograms for animals training on the MWM. Training is relative to the topmost LD bar (where dark bar ¼
lights-off) and the training marker represents the �20-min MWM training session in which animals are absent from their home cages (animals are
moved to and from the testing area in groups of eight and tested one at a time). Superimposed gray shading over the actogram marks periods where
lights are off. Actograms are separated into two phases: The first phase represents a continuous 40 d, with the baseline period reflecting the first 10
plotted days. The solid lines denote 1 wk of timed daily handling, with the remaining activity representing the first 24 d of the 28-d-long MWM training
phase. The second phase of the actogram illustrates the final 2 d of MWM training and the first 7 d of activity under constant conditions after training had
stopped (total darkness: DD). Time histograms at the bottom provide averages of the daily bins of activity shown above from both baseline and MWM
training phases above.
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daytime training was not limited to the phase of the light–dark
cycle during which the animals originally acquired the task, as an-
imals trained during the dark-phase when shifted to daytime
training showed consistently worse performance in every metric
measured (Fig. 3A). Correspondingly, light-phase-trained ani-
mals, when switched to dark-phase training, showed substantial
improvements in performance (Fig. 3B). Reversal training oc-
curred over 30 d, and most animals established their new ceiling
performance in 3–6 d, with animals whose SAT training was shift-
ed from ZT16 to ZT4 taking slightly longer on average to reach
their new performance level. It is unlikely that continued training
at the new time would have allowed the eventual return to previ-
ous performance, as no animal showed even minimal changes in
performance after day 7 of training. Somewhat surprising were the
differences in asymptotic performance between the two training
groups based on training history: ZT4 animals, when training at
ZT16, never performed as well as animals originally trained at
ZT16. In fact, their performance when training at ZT16 was equiv-
alent to ZT16 animals training at ZT4, as shown in Figure 3C. This
finding presents a compelling argument for an interaction be-
tween time of acquisition and future performance and suggests
that the conditions under which training is acquired has conse-
quences for performance long after the initial learning has
occurred.

This dissociation was in contrast to our findings with daily
training in the MWM: groups training at opposite times of day
showed no differences in acquisition or performance over the
28-d MWM acquisition period (Fig. 7A,B). Only when remote
memory was tested 2 wk after the last day of continuous training
did animals show a significant difference in platform location
memory, dependent on the time of day training originally oc-
curred (Fig. 7B,C).

It is possible that the time-of-day differences on performance
and acquisition between the two tasks can be explained by the re-
liance on different neural networks utilized for task performance

and the attentional demands placed on the animal as a result of
task performance. The SAT requires focused attentional effort that
remains elevated throughout the testing period and results in in-
creases of cortical acetylcholine (ACh) of 140% or more through-
out the duration of the task (Arnold et al. 2002; Kozak et al. 2006;
St. Peters et al. 2011). In contrast, the MWM is a hippocampal-de-
pendent spatial learning task that requires a relatively brief appli-
cation of cognitive effort, particularly for well-trained animals,
and no longer than 60 sec, assuming the animal is integrating pro-
prioceptive information relative to external spatial cues through-
out the duration of the training trial. Under these conditions,
water maze trials with a fixed platform location across multiple
training days may not evoke the same level of attentional effort
required by the SAT. The largest time-of-day effects on perfor-
mance in human subjects have been reported for cognitive tasks
that challenge attentional processes or executive functions requir-
ing prefrontal areas (Yoon et al. 1999), which the SAT recruits in
both humans and rodents (Sarter et al. 2005, 2006; Kozak et al.
2006; Parikh et al. 2007; Demeter et al. 2008, 2011; St. Peters
et al. 2011). Based on these results, we can infer that if cognitive
capacity is modulated by time of day, it is possible that the rela-
tively small reliance on cognitive effort in our variant of the
Morris water maze was insufficiently taxing to produce time-of-
day effects on acquisition or performance. Potentially, if animals
had been trained with varying across-day platform locations de-
signed to increase their dependence on spatial working memory
that more effectively taxed cognitive effort, time-of-day effects
on performance might have been observed. In support of this
theory, Winocur and Hasher (2004) showed a time-of-day effect
on performance between early dark-phase- and late dark-phase-
tested animals on a working memory non-matching-to-sample
(NMTS) variant of the water maze.

In response to the question of cognitive effects on circadian
rhythms, we demonstrated that SAT training produces a robust
change in activity rhythms that was not observed for water

A
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Figure 9. Mean activity ratios across task training for animals on the MWM. (A) Light–dark activity ratio from animals during the baseline condition, 1
wk of timed daily handling, and 28 d of MWM training+SEM (left). No significant differences were noted in LD ratio across the three phases tested. LD
ratio for the MWM phase of testing is plotted on the right (+SEM). (B) Mean double-plotted histograms for all animals from MWM experiments (Group
IV): x-axis is plotted in zeitgeber time (ZT) and y-axis represents wheel revolutions with activity grouped into 10-min bins (left). Mean total daily counts+
SEM are expressed on the right. Baseline activity represents activity from all animals prior to training. MWM training is relative to the topmost LD bar (dark
bar ¼ lights-off). ZT4 (white) and ZT16 (black) mean histograms are taken from the last 10 d of water maze training. Inner line represents mean activity
and upper shading represents SEM.

Interactions of circadian rhythms with cognition

www.learnmem.org 136 Learning & Memory



maze training. We had previously demonstrated that training on
the SAT during the light-phase (ZT10) produces a robust and sig-
nificant effect on the organization of locomotor behavior that
persisted for several days following the cessation of training under
conditions of total darkness (Gritton et al. 2009). In addition, le-
sions of the basal forebrain cholinergic projections to the SCN pre-
vent the diurnal phenotype associated with daily daytime SAT
training (Gritton 2011) and provide evidence that cholinergic
mechanisms associated with cognitive task performance contrib-
ute to entrainment of circadian rhythms for some stimuli. In this
study, we further these findings by demonstrating that animals
trained at ZT4 adopt a significantly more diurnal activity pattern
than ZT10-trained animals and that training during the dark-
phase (ZT16) results in a consolidated activity period, with activ-
ity onset occurring later in the dark-phase and activity offset
occurring before the transition to the lights-on phase (Figs. 4,
6C). We also demonstrate for the first time that the most signifi-
cant changes in the diurnal activity profile were correlated with
transitions to increasingly difficult stages of training, with peaks
in LD ratios corresponding to the periods in which cognitive de-
mands on attention are the highest—when animals advance to
the final phase of SAT training (Figs. 4, 6A). Importantly, despite
shifting their activity profile to accommodate daytime training,
animals trained outside of their endogenous active period were in-
capable of matching the performance of their dark-phase-trained
counterparts.

Our findings for the effects of SAT training on activity were
very different from our results for the Morris water maze. We saw
almost no effect of daily training on animals’ activity rhythms,
with only minor increases in daytime activity for ZT4-trained an-
imals characteristic of the effects of handling alone (Gritton et al.
2009; DL Hummer, JBJ Meixner, TM Lee, in prep.). While other ex-
periments have demonstrated that entrainment produced by han-
dling using procedures that are stressful (Hastings et al. 1997) or
evoke high levels of activity/arousal (Mrosovsky 1996), our water
maze-trained animals showed lower overall levels of timed antic-
ipatory activity than reported in these studies, suggesting water
maze training in this study was minimally stressful. The stark dif-
ference in activity during the light-phase between animals train-
ing in the MWM and animals training on the SAT are notable,
although perhaps not unexpected. By selecting two very different
cognitive tasks, we were able to test the specificity of the interac-
tion between cognition and activity rhythms. It is tempting to
speculate that the amount of time on task may be an important
factor in determining the strength of entrainment; however,
training on an abbreviated version of the SAT lasting only 8 min
was sufficient to maintain measures of anticipatory activity and
entrainment to the time of daily training at ZT4 (Figs. 5, 6D,E).
These results suggest that the requirement of daily attentional
control is the primary driver of continued entrainment and not
the length of the training period. It is also consistent with other
studies demonstrating minimal or brief periods of time-stimulus
interaction can be sufficient to produce significant levels of en-
trainment under some conditions (Mistlberger and Rusak 1987;
Mrosovsky 1988; Hastings et al. 1992, 1997; Amir et al. 1999;
Mendoza et al. 2005).

If cholinergic signaling is responsible for daily entrainment
associated with SAT training as we propose, it is interesting that
water maze training does not more significantly influence daily
patterns of activity given the purported role of cholinergic cell sig-
naling in spatial learning and memory (Yamamuro et al. 1995;
Fadda et al. 1996; Chang and Gold 2003). While cholinergic activ-
ity may complement spatial learning in the water maze, ample
evidence exists that cholinergic signaling is not an essential com-
ponent of task acquisition or performance (Baxter et al. 1995;
Frielingsdorf et al. 2006; Wisman et al. 2008); therefore, we

suspect that the recruitment of this system, particularly the neces-
sity for sustained demands on attention, may not have been suffi-
ciently large enough in our study to evoke robust changes in
activity distribution. The inclusion of a working memory variant
of the water maze task to putatively increase cognitive effort may
be more successful in producing entrainment, as noted earlier.

Finally, we have demonstrated that, in tasks of cognition that
require sustained attentional effort, performance is modulated by
the circadian cycle and that such activity may be an important
condition of performance during cognition. This is supported
by our findings that animals with slower task acquisition rates
and lower performance levels produce less anticipatory activity
to the time of daily task training (Fig. 6B). Our findings provide
evidence that the neural networks mediating cognition have
the ability to modulate the underlying activity rhythms and, by
doing so, allow some animals to attenuate the deleterious effects
of working outside of their endogenous active period. We suggest
that these findings argue for a model of bidirectional interactions
between cognitive learning and circadian rhythms. Lastly, we
have demonstrated, for the first time to our knowledge, a time-
of-day training difference in remote memory for the MWM and
suggest that the factors that influence memory consolidation
could be subject to circadian regulation.

In summary, our results demonstrate an interaction that ex-
ists between time of daily training and performance in which
time-of-day could represent a factor as important as treatment
group or dose, and therefore, circadian influences should be
considered in study design. Ongoing experiments are aimed at
understanding the interactions between cognitive performance
and circadian control and how nonphotic entrainment cues
could be used to consolidate or prevent desynchrony in shift-work
models. Shift-work, when it includes night work, has detrimental
effects on both measures of subjective and physiological sleepi-
ness, cognitive performance, accident risk, immune function,
and a variety of health outcomes such as cardiovascular disease
and some forms of cancer in humans (Folkard and Akerstedt
2004; Waage et al. 2009; Lange et al. 2010). Although a variety
of countermeasures may be used to attenuate the negative impact
of shift-work on nighttime sleepiness and daytime insomnia,
there are few options to eliminate the majority of the negative ef-
fects of shift-work on physiological processes and cognition.
Furthermore, our findings suggest that, at least for some tasks in
rodents, night-phase performance can never be equaled by light-
phase performance regardless of the strength of entrainment to
the work schedule. It is interesting to speculate how this finding
carries over to human shift-workers and what it means for per-
formance in highly demanding contexts like EMT, police, and
emergency care providers where the consequences for mistakes
are high and attention to detail is a critical factor in positive
outcomes.

Materials and Methods

Subjects
Eighty-eight male Sprague-Dawley rats (Charles River Laborato-
ries, Wilmington, MA) weighing 350 g at the start of the behavio-
ral training were used for these studies. All animals, following
arrival from the supplier, were housed individually in standard
opaque single cages (27.7 cm × 20.3 cm) maintained on a LD
12:12-h cycle. Cages were lined with corn cob bedding and kept
in a humidity- and temperature-controlled environment at 21+
1˚C. Animals had ad libitum access to food (Purina 5001; Frontier)
over the course of the entire experiment. Activity was monitored
with intra-abdominal transmitters (pdt 4000 e-mitter-telemetry
implants, Minimitter Inc.; n ¼ 18) or via running wheel activity
(n ¼ 58). Animals were allowed to acclimate for a minimum of

Interactions of circadian rhythms with cognition

www.learnmem.org 137 Learning & Memory



2 wk before undergoing surgery or having running wheels intro-
duced to their cages. Animals with surgical procedures (see below)
were given two additional weeks of recovery before being intro-
duced to running wheels. All procedures were in accordance
with protocols approved by the University Committee for the
Care and Use of Animals at the University of Michigan.

Data collection
Locomotor activity during baseline and training phases was col-
lected in 10-min bins using Vitalview software (Minimitter).
Cages were cleaned during the training phase when animals were
absent from their home cage, and animals were weighed twice
weekly throughout all water restriction portions of the experi-
ment. At the conclusion of training, all animals were released
into constant darkness (DD) for a period of 14 d to assess strength
of entrainment. During the initial 48 h following release into DD,
animals underwent complete water deprivation. All circadian
data were analyzed off-line using Actiview software (Minimitter).

Experimental procedure: SAT Groups I, II, and III
Animals that were designated for operant training were allowed to
acclimate for 2 wk after arrival before undergoing surgery to im-
plant telemetry devices. Following recovery (�2 wk), animals
were introduced to running wheels and allowed to acclimate for
2 wk before beginning the baseline portion of the experiment.
During the 2-wk baseline period that followed, animals continued
to have ad libitum access to food and water while baseline run-
ning wheel data were collected, after which animals were mildly
water-deprived to �95% of their free-feeding weight while having
ad libitum access to food. Adjustment to water deprivation oc-
curred over 7 d, beginning with 12-h access on day 1 (starting
6 h prior to their training time; ZT4, ZT10, or ZT16 and continu-
ing for 12 h). Gradually over the next 6 d, animals were titrated
down to a single 1-h water-access period, beginning at the intend-
ed time of task performance (ZT4 to ZT5, ZT10 to ZT11, or ZT16 to
ZT17, respectively). Following the 2-wk acclimation period and
gradual water deprivation, rats began operant training procedures
to facilitate shaping on a task that measures sustained attention
(SAT). All task-performing animals were given free access to water
for 20 min following daily training sessions in addition to the
quantity of water (�5 mL) obtained as reward during operant test-
ing. Upon achieving a performance criterion (described below),
SAT Group II rats were given additional operant testing in the pres-
ence of a visual distracter (i.e., a flashing house-light). Distracter
presentation occurred for a total of four sessions. Individual dis-
tracter sessions were separated by a minimum of three consecutive
days on the standard task version, with animals maintaining per-
formance above criterion performance to ensure recovery before
an additional distracter session was administered. Following re-
covery from the second distracter, SAT Group II animals were re-
moved from daily training until a stable nocturnal pattern of
activity re-emerged for all animals (34 d). Animals were then
trained with their training times reversed (ZT4 animals trained
at ZT16, and ZT16 animals trained at ZT4) (see Fig. 1B) for 30
d. SAT Group II rats had two more distracter sessions during the
reversal training phase, once again separated by a minimum of
three consecutive days above criterion performance on the stan-
dard task, to compare the effects of distracter before and after
the reversal. A final group of ZT4 animals underwent training
for a period of 115 d—the time necessary for all animals to reach
criterion on the final stage of training (SAT) as described below
(Group III). These animals were then transitioned to an abbreviat-
ed version of the task that was 8 min in duration and trained for 30
consecutive days on the shortened version before release into DD
conditions with ad lib water and food.

Sustained attention task

Operant training took place 7 d per week. Behavioral training and
testing was conducted in individual operant chambers (MedAsso-
ciates Inc.) outfitted with two retractable levers, three red panel

lights (2.8 W), and one red house-light (2.8 W). The water dis-
penser was located on the same wall as the panel lights and levers.
Animals were transported from their home cages to a room hous-
ing operant chambers in a light-tight shuttle box. The experiment
room was maintained in dim red light. Animals were removed
from the shuttle box and placed in the unlit operant chamber
for 5 min prior to task onset. Operant chambers were housed with-
in individual sound-attenuating cabinets. The shaping protocol
for this task has been published in detail previously (Gritton
et al. 2009). Briefly, animals were first trained to press a lever for
a water reward in accordance with a modified fixed-ratio-1 (FR1)
schedule of reinforcement. The FR1 schedule is modified in that
it requires animals to respond to both levers (five consecutive re-
sponses on one lever requires switching to the opposite lever be-
fore the next reward is administered) and deters a selection bias
if one exists.

Animals were next trained to discriminate between signal
and nonsignal trial types (i.e., illumination of the central panel
light for 1 sec vs. nonillumination of the light). During the dis-
crimination-learning (DL) phase, two seconds following a signal
or nonsignal event, both levers extended into the chamber and
remain active until a lever press occurred or 4 sec had passed. If
no response occurred within the allotted period, the trial would
be scored as an omission, and the ITI (12+3 sec) would reset.
During signal trials, a right-lever press indicated a correct re-
sponse and was scored as a hit, whereas a left-lever press indicated
an incorrect response and was scored as a miss. Conversely, dur-
ing nonsignal trials, a right-lever press indicated an incorrect re-
sponse and was scored as a false-alarm and a left-lever press
indicated a correct response and was scored as a correct rejection.
The lever rules were reversed for half of the animals to account
for possibilities of handedness or selection bias. Animals received
water rewards only for correct responses (30 mL for each hit and
correct rejection), whereas incorrect responses (misses and false
alarms) were not rewarded. The house-light was off during this
shaping phase. Behavioral sessions consisted of 162 trials per
session. Animals progressed to the subsequent step of shaping
if they responded correctly to ≥70% of both signal and nonsig-
nal trials for three consecutive days with ,20 omitted trials per
session.

During the final stage of testing (referred to as the “SAT”), the
overhead red house-light was illuminated to increase the require-
ment for focused attention. The addition of the illuminated
house-light requires the animal to constrain their visual focus to
the central panel during the ITI to optimize performance. This
phase of training also introduced abbreviated signal durations of
three different lengths (shortened to 500, 50, or 25 msec; 27 trials
of each duration during a daily training session), and the ITI
was further reduced to 9+3 sec. Individual sessions were divided
into three blocks of 54 trials, each with all signal durations occur-
ring randomly nine times per block. Animals were required to
maintain criterion performance (≥70% correct responses to the
500-msec signal trials, ≥70% correct responses to nonsignal trials,
and fewer than 20 omissions per session) for three consecutive ses-
sions before task acquisition was considered complete. At the con-
clusion of this portion of the study, 12 animals (Group III) were
trained on an 8-min version of the task so that the resultant
changes in activity profiles from the full training session
(�40 min) could be compared with activity records from the ab-
breviated training session (�8 min).

SAT Group II animals were additionally presented with visual
distracter sessions after reaching criterion (referred to as the
“dSAT”). Rats were exposed to a total of four sessions that included
the presentation of a visual distracter as a performance challenge
(i.e., a house-light flashing at 0.5 Hz) during the second block of
54 trials. Distracter presentation typically results in reduced cor-
rect rejection rates for nonsignal trials and a bias for the hit lever
on all trials.

SAT data analysis and statistics
SAT performance yielded measures of hits (H), misses (M), false
alarms (FA), correct rejections (CR), and omissions. Statistical
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analyses were carried out on the relative number of hits (%H ¼
H/H + M), the relative number of correct rejections (%CR ¼
CR/CR + FA), and the number of omissions. Additionally, a vigi-
lance index (VI) was also calculated as an overall measure of
attentional performance. VI is calculated using the formula
VI ¼ (%H-%FA)/[2(%H + %FA) 2 (%H + %FA)2]. VI values can
range from 21 to +1, with +1 indicating that all trials were ei-
ther hits or correct rejections, 0 being a complete lack of ability
to discriminate between signal and nonsignal events, and 21 be-
ing all trials scored as misses or false alarms. Statistical analysis of
hits (%H), correct rejections (%CR), overall vigilance index (VI),
and percent omissions (%O) was tested using a one-way
ANOVA with time of daily training as the treatment factor.
Significant main effects were further analyzed using Tukey post-
hoc analysis. Multiple within-subjects analyses of variance
(MANOVAs) were used to determine the effects of distracter on
task performance, and mixed analyses tested the main effects
and interactions of signal duration (where applicable: 500, 50
and 25 msec) and distracter/trial block (three blocks of 54 trials:
blocks 1, 2, and 3) on the relative number of hits, correct rejec-
tions, vigilance index, and omissions. During a distracter session,
distracter presentation occurred during the second block of trials
and is represented in subsequent analyses as the factor “trial-
block.” Post-hoc analyses for within-subjects comparisons were
carried out using Tukey post-hoc analysis. All analyses were per-
formed using SPSS V16.

Experimental procedure: Water maze Group IV
Following acclimation to their housing environment, rats were in-
troduced to running wheels and allowed to acclimate for 2 wk
while undergoing 5 min of random daily handling to introduce
the animals to the experimenter before beginning the baseline
portion of the experiment. Animals were then left undisturbed
for 10 d to record baseline activity. The baseline portion of the ex-
periment was followed by 1 wk of timed daily handling (5 min) at
ZT4 or ZT16 consistent with each animal’s future MWM training
time. Animals had ad libitum access to food and water throughout
the course of the experiment. Water maze training took place 7 d
per week at either ZT4 or ZT16, based on treatment group.
Animals were transported from their home cages to the water
maze training room in a light-tight shuttle box while they under-
went daily training sessions (1 trial/day) for 28 consecutive days.
Animals were given only one trial each day in order to increase
task difficulty so that time-of-day effects, if they existed, could
be better dissociated. Rats were also given an 8th probe trial 14 d
after the last training session to test remote memory for the plat-
form location. Following the last training trial (day 28), rats were
released into constant darkness and were maintained in DD until
after the remote memory test had been concluded. On the test
day, all animals were removed from their home cages, transported
under red-light conditions, and administered the remote memory
test while under free-running conditions, and thus not tested at a
particular time of day per se.

Water maze acquisition and performance
All animals were trained in a 3.2-m2 room illuminated with dim
red light (16.2 lux) to prevent ZT16 animals from white-light ex-
posure during daily training. All wall cues consisted of black
shapes on white walls to allow for heightened contrast under red-
light conditions. Morris water maze training was conducted in
a 1.6-m-diameter pool made of black acrylonitrile butadiene
styrene (ABS) centered in the middle of the training room.
Water was filled to a depth of 38 cm. The platform consisted of
black neoprene glued to a 4-cm platform that was placed
1.75 cm below the water surface. Water temperature was main-
tained at 26˚C+2.5˚C throughout the course of the experiment.
Training occurred for 28 d with one trial per day except on probe
trial days. Probe trial days were initiated with a probe trial fol-
lowed by a standard trial to reduce the potential of extinction
learning. Standard trials began with the rat being placed on the
platform for 15 sec. The rat was then moved to one of five possi-
ble start locations and placed into the water facing the wall of the

pool. Once the experimenter released the animal, the trial timer
was started and ended either when the rat reached the platform
location or after 60 sec had elapsed. In the event of an unsuccess-
ful trial, animals were led by the experimenter to the platform lo-
cation. At the conclusion of each trial, the animal was allowed to
remain on the platform for 15 sec before being dried and re-
turned to their opaque transport enclosure. Starting positions
for each day were chosen randomly among five start positions;
however, every animal was placed into the water from the same
location each day. Probe trials were conducted every fourth
day. During the probe trial, the escape platform was removed
and rats initiated a trial by being placed in the pool at the start
location directly opposite of the platform and allowed to swim
for 60 sec. At the conclusion of the probe trial, animals were dried
off and returned to their transport enclosure long enough for the
platform to be re-inserted (�15 sec). After which a standard trial
was initiated. A final probe trial (probe trial 8) was conducted 14
d after the last standard training trial as a measure of remote
memory.

Water maze data analysis and statistics
Avideo camera placed above the pool connected to a DVD recorder
was used to record training sessions. Water maze data were ana-
lyzed off-line using a motion-tracking software package (Actimet-
rics). Metrics analyzed included: path length, time to platform,
and swim speed. For probe trials, the additional variables of Gal-
lagher proximityand time spent in quadrant were quantified. Mul-
tiple within-subjects repeated analyses of variance (MANOVAs)
were used to determine the effects of time of daily training on plat-
form acquisition and maze performance. Significant main effects
were further analyzed using Tukey post-hoc analysis. Remote
memory was assessed by analyzing block performance using
paired t-tests, and between-subjects effects were tested using inde-
pendent t-tests for time-of-day. A probability value of P , 0.05 was
used as the criterion to determine statistical significance.

Circadian analysis and statistics
The binning procedure resulted in absolute counts of activity
binned into 144 data points over a 24-h period. Light–dark activ-
ity ratios were calculated by summing the bins of activity (move-
ment or wheel revolutions) collected in 10-min bins during the
light-phase divided by the number of bins of activity during the
dark-phase across the 24 h cycle. LD ratios .1 indicate animals
with diurnal activity pattern, whereas LD ratios ,1 indicated a
nocturnal activity pattern. Repeated measures, within-subjects
analyses of variance were used to assess the effect of SAT time
(ZT4 vs. ZT 10 vs. ZT16) and the ratio of locomotor activity be-
tween the light- and dark-phases across different phases of task ac-
quisition. Statistical analysis of LD ratio between groups was
tested using a one-way ANOVA with training time-of-day as
the factor. The phase of activity onset (anticipation) relative to
SAT training time was determined by the presence of three or
more consecutive bins of activity .10% above the daily mean ac-
tivity and was analyzed for the last 10 d of recorded activity from
each stage of training. LD ratio and anticipation was assessed
in Group III animals using paired t-tests for the long SAT version
(40-min) and the abbreviated (8-min) condition. Significant
main effects were analyzed using Tukey post-hoc analysis. A prob-
ability value of P , 0.05 was used as the criterion to determine
statistical significance.

Correlations between circadian measures of entrainment at
ZT4, ZT10, and ZT16 and attention performance were performed
for hits (%H), correct rejections (%CR), vigilance index (VI), and
percent omissions (%O). Significance of correlations was tested
using a Pearson correlation with P , 0.01 as the criterion for sta-
tistical significance.
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