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Time to Pay Attention: Attentional Performance
Time-Stamped Prefrontal Cholinergic Activation, Diurnality,
and Performance

Giovanna Paolone, Theresa M. Lee, and Martin Sarter
Department of Psychology, University of Michigan, Ann Arbor, Michigan 48109

Although the impairments in cognitive performance that result from shifting or disrupting daily rhythms have been demonstrated, the
neuronal mechanisms that optimize fixed-time daily performance are poorly understood. We previously demonstrated that daily prac-
tice of a sustained attention task (SAT) evokes a diurnal activity pattern in rats. Here, we report that SAT practice at a fixed time produced
practice time-stamped increases in prefrontal cholinergic neurotransmission that persisted after SAT practice was terminated and in a
different environment. SAT time-stamped cholinergic activation occurred regardless of whether the SAT was practiced during the light or
dark phase or in constant-light conditions. In contrast, prior daily practice of an operant schedule of reinforcement, albeit generating
more rewards and lever presses per session than the SAT, neither activated the cholinergic system nor affected the animals’ nocturnal
activity pattern. Likewise, food-restricted animals exhibited strong food anticipatory activity (FAA) and attenuated activity during the
dark phase but FAA was not associated with increases in prefrontal cholinergic activity. Removal of cholinergic neurons impaired SAT
performance and facilitated the reemergence of nocturnality. Shifting SAT practice away from a fixed time resulted in significantly lower
performance. In conclusion, these experiments demonstrated that fixed-time, daily practice of a task assessing attention generates a
precisely practice time-stamped activation of the cortical cholinergic input system. Time-stamped cholinergic activation benefits fixed-
time performance and, if practiced during the light phase, contributes to a diurnal activity pattern.

Introduction
Animals schedule daily routines and tasks with great precision,
assisted in part by photic and nonphotic zeitgebers. Circadian
shifts affect the timing of behavior and impair performance, par-
ticularly of tasks involving cognitive operations (Stroebel, 1967;
Holloway and Wansley, 1973; Fekete et al., 1985; Daan, 2000;
Schmidt et al., 2007; Gerstner and Yin, 2010). Moreover, the
performance of vulnerable populations and patients with neuro-
psychiatric and degenerative disorders is extremely sensitive to
phase shifts and circadian dysregulation (Meck, 1991; Lustig and
Meck, 2001; Bergua et al., 2006; Reid et al., 2011; Wulff and Joyce,
2011). However, the neuronal mechanisms that optimize daily,
time-fixed performance have remained largely undefined (but
see Chee et al., 2006).

We previously reported that daily practice of a sustained at-
tention task (SAT), but not of an operant schedule of reinforce-
ment, daily practice of a maze task, daily handling, or restricted

water access, elicits a diurnal activity pattern in rats (Gritton et al.,
2009, 2012). Our evidence indicates close interactions between
the neuronal mechanisms mediating SAT performance and cir-
cadian pacemakers, rendering attentional performance to be par-
ticularly vulnerable to circadian abnormalities. Human studies
have confirmed that attentional processes are potently influenced
by circadian variables (Schmidt et al., 2007; Matchock and Mord-
koff, 2009; Mollicone et al., 2010; van der Heijden et al., 2010).

Sustained attention performance depends on the integrity of
the cortical cholinergic input system (McGaughy et al., 1996;
McGaughy and Sarter, 1998). Two distinct modes of cholinergic
neurotransmission mediate such performance (Hasselmo and
Sarter, 2011). First, attentional cue-evoked, brief (seconds) in-
creases in cholinergic neurotransmission are generated via local
cortical circuitry, requiring cue-evoked thalamic input (Parikh et
al., 2007, 2008). These brief “transients” are hypothesized to fa-
cilitate the cognitive processes involved in cue detection [as de-
fined by Posner et al. (1980)]. Second, a more tonically active
cholinergic input system (changes over tens of seconds to min-
utes) modulates these cue-evoked glutamatergic– cholinergic in-
teractions (Parikh et al., 2010). Importantly, measures of tonic
cholinergic activity, using microdialysis, are not confounded by
transients that can be recorded amperometrically with enzyme-
coated microelectrodes (Sarter and Parikh, 2005; Paolone et al.,
2010). Tonic levels of cholinergic activity are elevated during SAT
performance (Dalley et al., 2001; Arnold et al., 2002) and further
increase in response to demands on the cognitive control of at-
tention (St. Peters et al., 2011a).
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The present experiments originally aimed at determining the
consequences of SAT performance-induced diurnality on the cir-
cadian regulation of tonic cholinergic activity (Hut and Van der
Zee, 2011). The discovery of increases in cholinergic neurotrans-
mission that are precisely synchronized to the time of prior SAT
performance motivated a series of experiments that collectively
demonstrate that time-stamped cholinergic activity is a specific
consequence of fixed-time SAT practice in the light or dark phase
or under constant-light conditions, it contributes to the diurnal-
ity that results from SAT practice during the light phase, and it
benefits daily, fixed-time attentional performance.

Materials and Methods
Subjects. Adult male Sprague Dawley rats (Charles River Laboratories),
aged 3–5 months and weighing between 250 and 300 g at the beginning of
the experiments, were used. Animals were individually housed in a
temperature- (23°C) and humidity-controlled (45%) environment un-
der a 12 h light/dark (12:12 LD) schedule unless otherwise reported.
Animals were handled extensively before the beginning of task training.
Animals were water deprived by limiting access to a 15 min period fol-
lowing each behavioral (operant) training session. Water was also pro-
vided as a reward for correct responses during task performance (see
below). On days not tested, the duration of water access was increased to
30 min. Food (Rodent Chow; Harlan Teklad), unless noted otherwise,
was available ad libitum. Body weights were recorded weekly. All proce-
dures were conducted in adherence with protocols approved by the Uni-
versity Committee on Use and Care of Animals at the University of
Michigan and in laboratories accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care. The number of
animals per group of condition is reported in Results by indicating the
degrees of freedom for all major analyses.

Monitoring of circadian activity patterns. Animals were randomly as-
signed to one of the three behavioral training/practice times, beginning
4 h into the light phase [zeitgeber time 4 (ZT4)] or dark phase (ZT16) or
constant light (LL) (Gritton et al., 2009, 2012). We used motion detectors
(placed 25 cm above the home cages; 20 detectors; Slimline PIR; Smart-
Home) and running wheels (25 wheels; Mini Mitter) to monitor daily
activity patterns. Motion detectors were demonstrated to effectively and
validly measure entrained activity rhythms (Mistlberger et al., 2009).
Activity counts were collected in 10 min bins via VitalView software
(Mini Mitter; version 4.0) and analyzed using ActiView software (Mini
Mitter; version 1.0). Although running wheel activity has often been
considered to represent merely an alternative method for recording gen-
eral activity and response comparably to major entrainment stimuli such
as food or light (Campbell and Lynch, 1968; Rosenwasser et al., 1996), the
behavioral and environmental variables governing this behavior remain
not well understood (Collier and Hirsch, 1971; Sherwin, 1998). Impor-
tant manipulations involved in the current experiments, particularly
food deprivation, may differentially affect wheel running and cage activity
patterns (Treichler and Hall, 1962), reflecting the complex interactions
between extrinsic motivational and intrinsic wheel running-associated
incentive processes (Atalayer and Rowland, 2011). Therefore, both
methods were used, allowing us to address potential method-based bi-
ases. As was the case in our prior experiments using both methods (Grit-
ton et al., 2009), SAT practice at ZT4 evoked a persistent diurnal activity
pattern measured by both motion detectors (see Fig. 2a) and running
wheels (see Fig. 5b).

We determined the circadian activity patterns of animals exhibiting
criterion performance in the SAT or behavioral control procedures. Ac-
tivity ratios (LD ratio) were calculated by dividing the sum of the activity
counts during the light phase by the sum of the counts during the dark
phase of each 24 h cycle. LD ratios �1 indicate a diurnal activity prefer-
ence. More restricted analyses focused on the activity pattern during
periods of prior task performance. For these analyses, activity counts
were collected over a 3 h interval that began 90 min before (the previous)
task onset. Counts from these intervals were compared with counts col-
lected during the corresponding 3 h period of the subsequent 12 h phase
[light, dark, or constant light (LL), depending on group].

Behavioral apparatus, SAT task acquisition, and performance criteria.
Behavioral training took place either during the light phase, beginning
4 h into the light phase (ZT4) or into the dark phase (ZT16), or in
constant-light condition (LL). Except for LL animals, SAT training began
after a 1 week acclimation period during which animals were handled
twice at randomly selected times, and food and water were available ad
libitum. LL animals began SAT training 3 weeks after they were moved
from LD to LL and when they exhibited free running activity patterns
(see Results).

Behavioral training and testing took place using 12 operant chambers
located inside sound-attenuating cubicles (MED Associates). The cham-
bers were equipped with a water dispenser (40 – 45 �l of water per deliv-
ery). Although even white light, when presented during the rats’ inactive
period, does not entrain their activity (Daan and Pittendrigh, 1976), the
chambers’ cue lights, centered on the intelligence panel, and houselights,
located on rear wall, were replaced by red LEDs (586 series; peak wave-
length, 630 nm; Dialight Corporation). Before the sessions involving the
collection of dialysates from prefrontal cortex (below), animals were
moved to modified operant chambers and trained again to criterion
performance. These chambers featured a taller recessed water delivery
area (9.0 � 5.0 cm, height by width) to allow animals to drink after
cannulation and, subsequently, inlet and outlet lines connected to the
microdialysis probe. Signal presentation, lever operation, reinforcement
delivery, and data collection were controlled by a Pentium PC and
Med-PC for Windows software (version 4.1.3; MED Associates).

The SAT task and evidence in support of the validity of performance
measures in terms of indicating sustained attention performance, in
mice, rats, and humans, were described earlier (McGaughy and Sarter,
1995; Demeter et al., 2008; St. Peters et al., 2011b). Animals were initially
trained to lever press in accordance with a modified fixed ratio-1 (FR-1)
schedule for water reinforcement. Following at least three consecutive
sessions per day with �120 reinforced lever presses each, animals entered
the first stage of SAT training during which they were trained to discrim-
inate between a signal (1 s illumination of the central panel light) and a
nonsignal (no illumination) event. Two seconds following such events,
the levers were extended into the chamber. On signal trials, a response on
the left lever was reinforced and termed a “hit,” while a response on the
right lever was not reinforced and termed a “miss.” On nonsignal trials, a
response on the right lever was reinforced and termed a “correct rejec-
tion,” while a response on the left lever was not reinforced and termed a
“false alarm.” One-half of the animals were trained using the reverse set
of rules. If no response occurred within 4 s, the levers were retracted and
an omission was recorded. Signal and nonsignal events were presented in
pseudorandom order for 81 trials each (total of 162 trials) per session.
The intertrial interval (ITI) was 12 � 3 s. During this stage of training,
incorrect responses were followed by up to three correction trials in
which the previous trial (signal or nonsignal) was repeated. If an incor-
rect response occurred again on the third correction trial, a forced trial
was initiated in which only the correct lever was extended for 90 s or until
the animal made a response. When the forced trial was a signal trial, the
central panel light remained illuminated while the left lever was ex-
tended. The house light was not illuminated during this training stage.
Following at least 5 consecutive days of stable performance, defined as
�70% hits and �70% correct rejections, multiple signal durations (500,
50, 25 ms) were introduced. Trial type and signal duration continued to
be pseudorandomly determined for each trial. Session length was set at
40 min to allow for post hoc analysis of performance over five blocks (8
min per block). The pseudorandom selection of trial type (signal vs non-
signal) and signal duration was designed to ensure that approximately
one-half of the trials per block were signal trials, and that equivalent
numbers of 500, 50, and 25 ms signals were presented during each block.
At this point, correction trials and forced trials were discontinued, and
the event rate was increased by reducing the ITI to 9 � 3 s. Following at
least 7 d of stable performance, defined by at least 70% hits to 500 ms
signals, 70% correct rejections, and �20% omissions, animals began
training in the final version of the task. The final version was identical
with the previous training stage except that the house light was illumi-
nated throughout the session. This key final modification requires the
animals to constrain their behavior and, presumably, to maintain persis-
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tent attention to the intelligence panel to monitor the signal source. On
average, animals required 12 weeks of daily practice to reach criterion
performance. Criterion performance at this stage was defined as �70%
hits to 500 ms signals, �70% correct rejections, and �20% omissions for
five consecutive sessions.

After attaining criterion performance, animals underwent surgery for
implantation of a unilateral guide cannula in the medial prefrontal cortex
(mPFC) (below). After animals recovered from surgery, they resumed
their water deprivation and behavioral training. After again attaining
stable performance in the final stage of the sustained attention task for at
least 5 d, animals were transferred to the dialysis chambers (35.0 cm
height, 38.0 cm diameter) lined with corncob bedding. A separate group
of rats was left undisturbed until their activity patterns reversed from the
SAT performance-associated diurnal activity pattern to their regular
nocturnal pattern (henceforth termed “renocturnal”). They were then
returned to the dialysis chambers and left undisturbed for 3 d under
mock-microdialysis conditions (defined below; see also Fig. 1a).

Measures of SAT performance. For each session, hits, misses, correct
rejections, false alarms, and omissions were recorded. The relative num-
ber of hits (hits/hits � misses) was calculated for each signal length, and
the relative number of correct rejections (correct rejections/correct re-
jections � false alarms) was also calculated. As an overall measure of
attentional performance that integrates both the relative number of hits
(h) and the relative number of false alarms ( f ), an overall performance
score (SAT score) was calculated in accordance to the following: SAT �
(h � f )/[2(h � f ) � (h � f )2]. This index was derived from the sensitivity
index (Frey and Colliver, 1973), except that the SAT score is based on the
relative number of hits and false alarms, as opposed to the probabilities
for hits and false alarms, and thus is not confounded by errors of omis-
sion. SAT scores range from �1.0 to �1.0, with �1.0 indicating that all
responses were hits and correct rejections, 0 indicating an inability to
discriminate between signal and nonsignal events, and �1.0 indicating
that all responses were misses and false alarms. SAT scores were calcu-
lated for each signal duration (SAT500,50,25) or averaged over durations.
Errors of omission were recorded separately. Performance measures
were calculated for each of the five task blocks.

Fixed interval 9 s schedule of water reinforcement at ZT4. This operant
schedule was used to control for the effects of nonattentional compo-
nents of daily SAT practice, particularly lever pressing, reward rate, and
associated motor activity (Arnold et al., 2002). Compared with SAT ses-
sion, fixed interval 9 s (FI-9)-trained animals receive higher number of
water rewards (below) and produce a �10-fold greater number of lever
presses [Arnold et al. (2002), their Fig. 2]. Thus, in the present context,
evidence from animals performing this schedule served to test the
possibility that the motor activity of SAT-performing rats contributes
to their diurnality and to task period-synchronized elevations in cho-
linergic neurotransmission.

Animals were initially shaped to lever press on a modified FR-1 sched-
ule for water reinforcement with only a single lever available (chambers
equipped with red LED houselights). Following at least 3 d of 120 or more
reinforced lever presses, animals started the FI-9 schedule for water re-
inforcement. To equate the duration of the session of animals perform-
ing the SAT, the adaptation period was lengthened to 10 min. After an
initial period of adaptation to the operant chambers (house lights on), a
single lever was made available for responses. As this task was designed to
minimize demands on attention that may result from tracking the pre-
sentation and removal of the response levers, this lever (left or right;
counterbalanced across animals) remained extended for the entire length
of the session. Animals underwent daily practice for at least 12 weeks to
match the training period required for SAT performance. Following this
extended training, animals underwent surgery for cannula implant in the
mPFC (below) and allowed to recover for 48 h before FI-9 training re-
sumed for at least 5 more days and then animals were moved to concen-
tric bowls for microdialysis (below).

Nonperforming animals. To determine whether there was a difference
between basal ACh release across circadian phases, this control group was
handled twice a week at randomly selected times to minimize entrain-
ment effects. However, these animals were neither water-deprived nor
performed an operant procedure [henceforth termed “nonperforming”

(NP)]. Consistent with the FI-9 control group, these animals were main-
tained under these conditions for at least 12 weeks before undergoing
surgery and microdialysis procedures.

Food entrainment. To determine whether SAT performance period
synchronized increase in prefrontal cholinergic neurotransmission was
associated with SAT performance-entrained activity, a separate group of
rats were first habituated for 1 week (as described above) and then food
deprived for 28 h, beginning with light onset (ZT0). Food was made
available for a 3 h interval, beginning at ZT4, every day for 3 weeks. Water
was available ad libitum. This procedure [modified from Mistlberger et
al. (2009)] robustly entrains motor activity (Mendoza et al., 2005) and
thus served as an additional test for the hypothesis that the specific de-
mands of SAT performance were responsible for post-SAT practice-
synchronized elevations on cholinergic neurotransmission. Following
the 3 week interval, animals underwent surgery for cannula implant
(below) and allowed to recover for 48 h with ad libitum access to food and
water. Before being transferred to the dialysis chambers, the food restric-
tion schedule resumed for least 5 d.

Implantation of guide cannula for the measurement of mPFC ACh re-
lease. Animals underwent surgery to implant a guide cannula in the right
mPFC. Surgery was performed under aseptic conditions. Animals were
anesthetized initially with 4 –5% isoflurane in an anesthetic chamber
(Anesco/Surgivet). Isoflurane was carried via oxygen at a flow rate of 0.6
ml/min. Animals’ heads were shaved using electric clippers and cleaned
with an alcohol wipe, they were then mounted to a stereotaxic instru-
ment (David Kopf), and ophthalmic ointment was used to lubricate
animals’ eyes. Isoflurane was administered via a face mask, and levels
were adjusted to 1.5–2% for the remainder of surgery. Microdialysis
guide cannulas (model MAB 4.15.IC; Microbiotech) were implanted
above the mPFC using the coordinates measured from bregma (in mm):
AP: �2.9; ML: �0.6; DV: �0.6 below dura. To prevent clogging, the
guide cannulas were equipped with stainless-steel stylets. A headstage to
hold the guide cannula in place was fixed in place using surgical screws
implanted into the skull and dental cement. Animals were given injec-
tions of an antibiotic (amikacin; 0.1 ml, i.p.) and an analgesic (buprenor-
phine; 0.01 mg � kg �1 � ml �1, i.p.). The area around the headstage was
coated with neosporin. Following surgery, animals were returned to their
home cages and given ad libitum access to food and water while they
recovered for 48 h.

Microdialysis methods and determination of ACh concentrations. Dialy-
sates were collected for 3 h, beginning 90 min before the onset of the
target period (e.g., period of prior SAT performance). Dialysates were
collected on the third day after the last operant practice session (SAT or
FI-9) in a new environment (concentric dialysis bowls; BASi). During the
3 d ending with the microdialysis session, the LD cycle matched the
previous training conditions, and food and water were available ad libi-
tum. Microdialysis sessions began with the removal of the stylet and the
insertion of a removable concentric probe with a 3.0 mm membrane tip
[model MAB 4.15.3; membrane outer diameter (o.d.), 0.2 mm; shaft o.d.,
0.18 mm; Microbiotech] into the PFC. Animals were perfused at a rate of
2.0 �l/min with artificial CSF (aCSF), pH 6.8 � 0.1, containing the
following (in mM): 126.5 NaCl, 27.5 NaHCO3, 2.4 KCl, 0.5 Na2SO4, 0.5
KH2PO4, 1.2 CaCl2, 0.8 MgCl2, and 5.0 dextrose. Dialysates were col-
lected every 15 min for 180 min. The ACh levels in the two collections
obtained from intervals preceding the (prior) task time were averaged to
determine basal ACh release. As a control condition, collections over 180
min were also obtained during the equivalent period 12 h later. Animals
were then removed from the dialysis chambers, microdialysis probes
were removed, stylets were reinserted, and animals were returned to their
home cages. Dialysate samples were stored at �80°C until they were
analyzed by HPLC with electrochemical detection (ESA). The mobile
phase used contained 35 mM sodium phosphate, 0.43 mM ethylenedi-
amine tetra-acetic acid tetrasodium salt and 5 ml/L ProClin (BASi). ACh
was separated from choline on a 250 mm analytical column and catalyzed
on a postcolumn solid-phase reactor containing acetylcholinesterase and
choline oxidase. ACh was then hydrolyzed to acetate and choline, and
choline oxidized to hydrogen peroxide and betaine. The amount of hy-
drogen peroxide corresponding to ACh was then detected using a
“peroxidase-wired” glassy carbon electrode with an applied potential of
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�200 mV. To calculate the concentration of ACh in each sample, the
integral of the area under the peak was taken and fit to a regression line
containing known values of ACh in the expected range of the in vivo
dialysates. The in vitro recovery of probes varied from 8 to 15%. The
detection limit of this system averaged 5 fmol/15 �l.

Lesion of basal forebrain cholinergic neurons. To determine the necessity
of task period-synchronized increases in cholinergic activity for main-
taining diurnal activity patterns, we lesioned the cholinergic projections
to cortical regions using the immunotoxin 192 IgG saporin (192-SAP;
Advanced Targeting System) in animals that reached stable SAT perfor-
mance (McGaughy et al., 1996, 2000). The toxin or aCSF was infused
bilaterally (200 ng/�l; 0.8 �l/hemisphere) into the region of the nucleus
basalis and substantia innominata of the basal forebrain (relative to breg-
ma: AP, �0.5 mm; ML, �2.9 mm; DV, �7.5 mm from skull). The needle
was left in position for 10 min to foster absorption of the toxin.

Histological verification of probe placement and cholinergic lesion. Fol-
lowing completion of the experiments, animals were deeply anesthetized
and transcardially perfused with phosphate buffer solution followed by
4% paraformaldehyde in 0.1 M PBS, pH 7.4. Brains were removed and
postfixed overnight at 4°C, and then stored in 30% sucrose in 0.1 M PBS
and allowed to sink. Coronal sections (40 �m) of the brains were sliced
using a freezing microtome (CM 2000R; Leica) and stored in 0.1 M PBS
until additional processing. The sections surrounding and including the
probe site were mounted onto gelatin-coated glass slides and allowed to
dry completely before being stained for Nissl substance and examined for
probe placements.

Parallel sections were processed for the histochemical visualization of
BF choline acetyltransferase (ChAT)-immunostained sections. ChAT
immunostaining was accomplished by using a Vectastain Elite ABC kit
(PK-6105; Vector Laboratories) and a primary antibody (polyclonal goat
anti-choline acetyltransferase; Millipore). An orbital shaker was used
throughout incubation and rinse periods. Sections were first rinsed in 0.1
M phosphate buffer, pH 7.4, three times for 5 min each, and were then
incubated in 0.3% peroxide for 30 min. They were rinsed again in 0.1 M

phosphate buffer two times for 5 min each. After rinsing, sections were
then incubated for 1 h in a 1.5% normal blocking serum with 0.2% Triton
X. After blocking, tissue was immediately transferred to incubate in the
primary antibody (goat anti-ChAT made in rabbit; 1:250) overnight at
4°C. The next day, they were rinsed three times for 5 min each in 0.1 M

PBS with 0.2% Triton X. They were then incubated in the biotinylated
secondary antibody (biotinylated rabbit anti-goat; 1:200; supplied in the
Vectastain Elite ABC kit) for 2 h. After being rinsed three times for 5 min
each in 0.2% Triton X in 0.1 M phosphate buffer, tissue was incubated
with the avidin– biotin complex (1:25) for 30 min. They were rinsed three
times for 5 min each in 0.1 M phosphate buffer. Tissue was then rinsed in
a peroxidase substrate solution of 0.4% DAB (diaminobenzidine) and
0.19% nickel (II) chloride in 0.1 M phosphate buffer. Ten microliters of
30% hydrogen peroxide were added immediately before use. Once sec-
tions reached a desired color (�5 min), they were rinsed with 0.1 M

phosphate buffer three times for 5 min each. Omission of the primary
antibody resulted in no specific staining, supporting the specificity of this
protocol. Sections were mounted on gelatin-coated slides and were al-
lowed to dry overnight. The following day, slides were dehydrated in an
ascending alcohol series (70, 90, and 100%) and defatted in xylene before
coverslipping.

Statistical methods. Because of the complexity of the designs used for
the multiple experiments described below, the main factors and statisti-
cal methods are identified in the description of results. Generally, mixed-
design ANOVAs were used to determine the effects of previous SAT
training on prefrontal cholinergic neurotransmission of intact and le-
sioned animals, and to determine the effects of BF lesions on SAT per-
formance. Repeated-measures ANOVA included the collections over the
intervals coinciding with the previous pretask and task blocks (block1–
block3) as no differences were found in the collections obtained from
posttask intervals. Post hoc multiple comparisons were conducted using t
test and Fisher’s least significant difference (LSD) test. � was set at 0.05.
Post hoc multiple comparisons were conducted using t test and Fisher’s
LSD. Statistical analyses were performed using SPSS for Windows (ver-
sion 17.0; SPSS Inc.). In cases of violation of the sphericity assumption,

Huyhn–Feldt-corrected F values, along with uncorrected degrees of free-
dom, are given. Exact p values are reported (Greenwald et al., 1996).

Results
SAT performance time-stamped ACh release
We reported previously that daily practice of a SAT during the
light phase, even if limited to short 8 min practice periods, gen-
erates a diurnal activity pattern in rats. Neither daily practice of
operant control procedures not taxing attention nor of a water
maze yielded such diurnality (Gritton et al., 2009, 2012). Follow-
ing termination of daily SAT practice, such diurnality persisted
for at least for 4 d (see also below). The first experiment was
guided by the hypothesis that, as a result of prior SAT practice in
the light phase, relatively higher levels of ACh release levels are
observed during the light when compared with the dark phase,
thereby reversing the regular circadian regulation of cholinergic
activity [higher levels in the dark phase (Kametani and Kawa-
mura, 1991; Jiménez-Capdeville and Dykes, 1996)]. Instead, we
found that increases in cholinergic neurotransmission during the
light phase were precisely timed to the prior period of SAT prac-
tice, but not to the period of practicing an operant schedule of
reinforcement.

Figure 1a illustrates the timeline and major events for this first
set of experiments. For animals performing the SAT beginning
4 h into the light phase (ZT4), Figure 1b shows the relative num-
ber of hits across the three signal durations (averaged over the last
three SAT sessions). For comparison, this figure also shows the
equivalent hit rates during the last three sessions of animals prac-
ticing the task beginning at 4 h into the dark phase (ZT16) and in
animals that were maintained under constant-light conditions
(LL) (below). Hit rates generally varied with signal duration
(F(2,30) � 124.34; p � 0.001) but did not differ across groups
[ZT4, ZT16, LL: F(2,15) � 2.83; p � 0.09; mean (M), SEM: 64.16 �
2.87%; group by duration: F(4,30) � 4.48; p � 0.006]; the interac-
tion reflected a significantly lower detection rate of shortest sig-
nals by LL animals when compared with ZT16 but not ZT4
animals (group: F(2,17) � 5.57; p � 0.02; LL vs ZT16: t(10) � 5.17;
p � 0.001). Response accuracy for nonsignal trials did not differ
between the groups (group: F(2,15) � 3.51; p � 0.056; M, SEM:
82.03 � 1.86% correct rejections) and animals generally omitted
very few trials (group: F(2,15) � 1.35; p � 0.29; 2.33 � 1.05%).
Animals performing the FI-9 schedule of reinforcement (also
beginning at ZT4) generated 965.88 � 120.84 lever presses per
session, significantly more than the number of lever presses oc-
curring during SAT sessions (202.00 � 1.56; t(14) � 6.32; p �
0.001). Similarly, the number of water reinforcements obtained
per session was significantly higher in FI-9- compared with SAT-
performing animals (207.25 � 1.47; 107.14 � 6.75, respectively;
t(14) � 7.25; p � 0.001). This experiment also included animals
that never performed a task (NP) but were handled at random
periods (see Materials and Methods).

Basal ACh release across the LD cycle in NP rats
We first analyzed the absolute ACh levels obtained from nonper-
forming animals to confirm that basal ACh levels in the cortex of
rats are generally higher during the nocturnal activity phase. Al-
though this notion is widely accepted in the literature, the avail-
able evidence remains limited (for review, see Hut and Van der
Zee, 2011) and, when based on in vivo measures using microdi-
alysis, burdened by the addition of micromolar concentrations of
an acetylcholinesterase inhibitor to the dialysis perfusion me-
dium, thereby dampening presynaptic release (references above).
Rats housed in a 12:12 LD cycle (nonperforming) exhibited a
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regular nocturnal activity pattern (LD ratio: 0.22 � 0.05). ACh
release levels showed a trend for being higher during the dark
phase (main effect of phase, F(1,6) � 5.82; p � 0.052; dialysates
obtained from ZT14.5 through ZT17.5: 8.24 � 2.23 fmol/30 �l;
ZT2.5–ZT5.5: 4.50 � 1.60 fmol/30 �l). There was neither an
effect of collection nor an interaction between phase and collec-
tion (both F(9,54) � 1.65; both p � 0.12), indicating that ACh
release levels remained stable within phase (light or dark).

Cholinergic activation time-stamped to prior SAT, but not
FI-9, practice
As illustrated in Figure 1a, animals underwent microdialysis for
the determination of mPFC ACh release 3 d after the final SAT or
FI-9 session. ACh was collected for a period beginning 45 min
before ZT4 and for an additional 90 min thereafter.

Basal ACh release did not differ in rats that previously per-
formed the SAT or the FI-9 schedule of reinforcement (F(1,10) �
0.000; p � 0.99; 4.75 � 0.45 fmol/30 �l). Therefore, ACh
concentrations were expressed as percentage change from base-
line (Fig. 1c). Prefrontal ACh release began to rise 15 min before
the previous onset of the SAT at ZT4, peaked at 15 min into the
prior task period, and returned to baseline levels at the time the
prior SAT practice had ended. No such rise in cholinergic activity
was found in animals that had performed the FI-9 operant sched-
ule or in nonperforming animals. A mixed-design ANOVA con-

firmed that levels of ACh release differed by group (F(2,20) � 3.67;
p � 0.044; for multiple comparisons, see Fig. 1c). This analysis
also indicated an interaction between the effects of group and
collection interval (F(18,180) � 2.20; p � 0.012; no main effect of
time, p � 0.73), indicating that changes in ACh release occurred
exclusively in animals that had previously performed the SAT.

To further explore the validity of this interpretation, one-way
ANOVAs were computed over the effects of collection intervals
(or time) on ACh release obtained throughout the prior perfor-
mance period. These analyses indicated a significant effect of
block on ACh levels in animals that had performed the SAT (SAT:
F(6,42) � 2.88; p � 0.032) but not the operant control procedure
(FI-9 and NP: both p � 0.33). Multiple comparisons confirmed
that ACh levels were significantly higher in the first two collec-
tions into the prior task period (�15, �30 min) than at �45 and
�30 min (Fig. 1c), and that the collection ending with ZT4 con-
tained more ACh than the �30 min collection. Collectively, this
evidence indicates that, 3 d after the final SAT session, and while
housed in a different environment, mPFC cholinergic neu-
rotransmission was elevated for 45 min, matching the prior task
duration. Furthermore, the initial increase in cholinergic activity
occurred 15 min (or one dialysate collection) before ZT4, there-
fore also covering the 15 min pretask period during which ani-
mals were transferred to the operant chambers.

Figure 1. Daily practice of the SAT, beginning at 4 h into the light phase (ZT4), generates task time-stamped increases in prefrontal cholinergic activity. a, Timeline and sequence of major
experimental procedures and events. For at least 90 d/sessions, rats practiced the SAT (N � 21) or an operant control procedure that generated higher number of rewards and higher number of lever
presses per session (FI-9 schedule of reinforcement; n � 8). Handled but NP animals (n � 7) constituted a second control group. Following implantation of a guide cannula for subsequent insertion
of a microdialysis probe, performance practice and activity recording resumed for 10 d. Animals were then transferred to live in microdialysis bowls, under mock-dialysis conditions (tethered but
probe not inserted) for 2 d. On day 3, medial prefrontal dialysates were collected (15 min each) for 3 h beginning 90 min before ZT4, and for an equivalent period 12 h later during the dark phase.
On day 4, animals were returned to their home cages and activity was recorded. b, Relative number of hits over signal durations for SAT at ZT4 performing animals (red bars; n � 8), averaged over
the final three SAT sessions before microdialysis (see Results for additional measures of performance). Performance at ZT4 did not differ significantly from performance beginning 4 h into the dark
phase (ZT16, blue bars; n � 8) or while maintained in constant light (LL) (brown bars; n � 5; see Fig. 3 for ACh release data from ZT16 and LL animals). Error bars indicate SEM. c, Increases in ACh
release in previously SAT-performing (ZT4) animals began 30 –15 min in advance to the prior task time and lasted four collections (60 min). Such increases were found neither in previously FI-9
performing animals nor in nonperforming controls (for ANOVAs, see Results; post hoc multiple comparisons: *p � 0.05). d, Prior SAT performance did not generally alter the regulation of cholinergic
activity as indicated by the absence of systematic changes in ACh release over 10 collections taken during the dark phase 12 h later (light and dark phases are symbolized by sun and moon symbols).
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ACh release 12 h later
To determine whether the diurnal activity pattern that results
from the SAT performance at ZT4 (below) was associated with a
potentially global reorganization in the pattern and dynamics of
mPFC cholinergic neurotransmission, dialysates were also col-
lected during an equivalent interval 12 h later in the dark phase
and compared with ACh release levels from NP rats. Absolute
ACh levels during the first two collections of previously SAT
performing animals were 3.87 � 0.71 fmol/30 �l and did not
differ from those detected in the first two collections obtained
during the daytime period (4.58 � 1.02 fmol/30 �l; t(5) � 0.65;
p � 0.54). ANOVA did not indicate effects of group or collection
interval (effects of group, collection, and interaction: all F � 0.79;
all p � 0.54; Fig. 1d).

Circadian activity pattern
Consistent with our prior findings (Gritton et al., 2009, 2012),
and while still performing the SAT at ZT4 (last three sessions; Fig.
1a), rats exhibited a diurnal activity pattern (Fig. 2a; LD ratio,
1.97 � 0.34; significantly different from the LD ratio of NP rats,
0.22 � 0.05; t(10) � 4.09; p � 0.009; activity counts of the two
phases: light phase, 11.79 � 0.59; dark phase, 3.38 � 0.35; t(7) �
3.88; p � 0.006). Such a diurnal activity pattern persisted and was
again observed, albeit to a lesser and, with respect to activity
counts, insignificant degree, 1 d after the dialysis collections, that
is, 4 d after the final SAT session (Fig. 2b; LD ratio, 1.04 � 0.9;
activity counts: light phase, 12.99 � 1.27; dark phase, 9.11 � 1.08;
t(7) � 1.96; p � 0.09). In contrast, practicing the FI-9 schedule of
reinforcement at ZT4 was not associated with the presence of a

Figure 2. Daily practice of the SAT, beginning at 4 h into the light phase (ZT4), generates a diurnal activity pattern. a, Circadian activity pattern of rats practicing the SAT at ZT4, averaged over the
final three task sessions (see Results for statistical analyses; the top left symbol indicates IR device-based measures). These rats exhibited a stable diurnal activity pattern. b, Circadian activity after
completion of the microdialysis experiments, 4 d after the final SAT session. Animals maintained a diurnal activity pattern, albeit to a lesser degree than on days involving final SAT sessions. The rats’
circadian activity pattern was recorded either via IR motion detectors or running wheel. c, d, Activity scores obtained from either method support the conclusions. Circadian activity pattern of rats
during their last 3 d of performing the FI-9 schedule of reinforcement at ZT4, assessed with either wheels (c) and IR devices (d). Although activity increased in anticipation of the task period, rats
maintained a stable nocturnal activity pattern [see also SAT at ZT4 induced diurnality as measured by IR device (Fig. 2a) or by wheels (Fig. 5b)].
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diurnal activity pattern (Fig. 2c; LD ratio, 0.32 � 0.06; activity
counts: light phase, 7.72 � 1.26; dark phase, 23.57 � 2.01; t(7) �
3.14; p � 0.016). Furthermore, activity patterns monitored by
running wheels (Fig. 2c) or IR motion detectors (Fig. 2d) both
indicated identical nocturnal activity patterns of previously
FI-9 performing animals (method: F(1,6) � 0.017; p � 0.09;
circadian phase: F(1,6) � 7.85; p � 0.031; interaction: F(1,6) �
0.41; p � 0.54).

ACh release time-stamped to prior SAT practice at ZT16 and
in LL
SAT performance-period synchronized ACh release in animals
that had practiced at ZT4 and therefore developed a diurnal ac-
tivity pattern may depend on interactions between diurnality and
the time of prior task practice, as opposed to a generally synchro-
nized activation of cholinergic neurotransmission at the time of
the prior fixed daily practice of an attention-demanding task. The
former hypothesis would predict that synchronized ACh release
is not observed in animals that practiced the SAT beginning 4 h
into the dark phase (ZT16).

As illustrated in Figure 3b, prefrontal cholinergic neurotrans-
mission increased at precisely the time of the prior SAT practice
at ZT16 (F(9,63) � 2.39; p � 0.009; see Fig. 3b for multiple com-
parisons). Notably, the onset of this increase in cholinergic activ-
ity was, by 15 min, even more precisely synchronized to the onset
of prior SAT practice than was the case after practice at ZT4.

However, ZT16-stamped cholinergic activity lasted for 90 min
(six collections), and thus for 30 min longer than in ZT4 animals.
Prior ZT16 practice was associated with a pronounced nocturnal
activity pattern (LD ratio, 0.41 � 0.05; activity counts: light
phase, 4.00 � 0.34 counts; dark phase, 21.46 � 0.79 counts; t(7) �
8.03; p � 0.001; Fig. 3c).

To further substantiate that SAT performance time-
synchronized ACh release did not depend on the presence of a
12 h LD cycle, we also measured ACh release in animals main-
tained in LL and that had developed a free running rhythm [pe-
riod length (�): before LL and while still in LD, 24.04 � 0.02 h; LL,
24.81 � 0.17; after reaching SAT criterion in LL, 23.99 � 0.022;
F(2,8) � 7.13; p � 0.018]; multiple comparisons indicated that the
animals’ period lengthened as they were moved from LD to LL
(t(4) � 4.36; p � 0.012), consistent with prior reports (Pittendrigh
and Daan, 1976). Similar to ACh release in animals that had
previously practiced the SAT at ZT4 or ZT16, prior SAT perfor-
mance in LL produced significant increases in cholinergic neu-
rotransmission, peaking at a time corresponding to the prior first
task block (F(9,36) � 2.67; p � 0.046). However, ACh release in LL
rats was more variable than in the other two groups, preventing
multiple comparisons from locating the effect (Fig. 3e). Inspec-
tion of individual release data did not suggest that this variability
reflected a less precise timing of peak ACh release levels; indeed,
all ACh peaks in LL animals occurred at ZT4, �15 or �30 min. As

Figure 3. Task time-stamped increases resulting from SAT practice in the dark phase, beginning at ZT16, and by animals maintained under constant-light conditions (LL). a, Except for SAT
practice beginning 4 h into the dark phase (ZT16; n � 8), the experimental procedures and sequence of events followed the illustration in Figure 1a. b, Increases in prefrontal cholinergic
neurotransmission, 3 d after the final SAT session, anticipated the prior task period by one collection (15 min) and persisted for two collection intervals (30 min) beyond the prior task time ( post hoc
multiple comparisons: *p � 0.05, **p � 0.001). c, As would be expected, SAT practice at ZT16 did not alter the nocturnal activity pattern, which peaked right before and after task time. d, Daily SAT
practice in animals kept in LL (n � 5) occurred at a fixed time. e, Subsequent increases in prefrontal ACh release in LL animals peaked 15 min into the prior task time. Because of the greater variability
of ACh release in LL animals, multiple comparisons did not locate the main effect indicated by ANOVA (see Results). Thus, while task time-stamped cholinergic activation did not depend on the
presence of the LD cycle, the absence of photic zeitgebers may have contributed to the greater variability of ACh release. f, Prior daily SAT practice entrained an activity pattern that peaked around
task time, with little activity during the subsequent 12 h period.
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would be expected based on the diurnal activity pattern in ZT4
animals, animals that had practiced the SAT in LL exhibited an
activity pattern that increased toward the task time while showing
very little activity during the subsequent 12 h period (12 h task/12
h no-task ratio, 3.01 � 0.51; activity counts: t(5) � 2.71; p �
0.042; Fig. 3f).

Food-anticipatory activity at ZT4 is not associated with increases
in cholinergic neurotransmission
All animals, with the exception of nonperforming rats in the first
experiment, were water-deprived and received water as reward
during the task and for a limited period thereafter (see Materials
and Methods). We previously demonstrated that diurnal circa-
dian entrainment associated with the SAT is not caused by daily
timed water access (Gritton et al., 2009). However, food-
anticipatory activity (FAA) represents one of the most exten-
sively studied zeitgebers (Boulos et al., 1980; Mistlberger, 1994;
Stephan, 2002; Mendoza et al., 2005). Therefore, a separate group
animals was made extensively familiar, for 3 weeks, with rat chow
made available for 3 h beginning at ZT4 (water was available ad
libitum). Note that restricting periods of food availability to an
even shorter period, corresponding with the 45 min of task time,
was not permissible because of significant and even vital weight
loss (Treichler and Hall, 1962). Animals were dialyzed after the
feeding regimen was reinstituted for 5 d after surgery and after 2 d

of acclimation in the dialysis bowls, with food and water now
available ad libitum.

As was expected, these rats exhibited strong FAA. Because
most of the animals’ activity occurred during the anticipatory
phase, close to ZT4, with little activity during the feeding phase,
and because activity during the dark phase was not attenuated
(Fig. 4b), the regular LD analysis (across the full 12 h phases) does
not fully reflect the impact of FAA (LD ratio, 1.07 � 0.18). A
more restricted analysis comparing the activity counts obtained
during the 1.5 h period before ZT4 and the equivalent period 12 h
later (Fig. 4b), indicates the effect of FAA (FAA, 282.82 � 20.88;
12 h later, 28.26 � 6.03; t(6) � 3.72; p � 0.01). Importantly, ACh
release did not change across the collections that were associated
with FAA, with mean changes in ACh levels remaining below
20% above baseline (F(9,27) � 0.80; p � 0.44; Fig. 4c).

Resuming nocturnality and loss of SAT time-stamped
cholinergic activation
The evidence from animals performing the SAT at ZT4 is consis-
tent with the hypothesis that task practice period-synchronized
increases in cholinergic neurotransmission contribute to the de-
velopment and maintenance of a diurnal activity pattern. Fur-
thermore, such diurnality and synchronized cholinergic activity
patterns persisted for at least 3 d following the final SAT perfor-

Figure 4. FAA was not associated with time-stamped increases in cholinergic activity. a, Timeline and major experimental events. Animals were habituated to the restricted feeding schedule,
with food available for 3 h beginning at ZT4, for 3 weeks (N � 7). Following 2 d of postsurgery recovery, the restricted feeding regimen resumed for 5 d. As before, ACh was collected following
acclimation to the dialysis chambers, with food and water available ad libitum. b, As expected, FAA was indicated by robust anticipatory wheel running followed by little activity during the feeding
period. c, FAA was not associated with anticipatory of feeding period-associated increases in cholinergic neurotransmission.
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mance session (above). In this experiment, animals were
equipped with guide cannula for microdialysis, underwent post-
surgery SAT practice for 5 d, and were then permanently housed
in their home cages with food and water available ad libitum and
access to running wheels. A nocturnal activity pattern was fully
reestablished 8 d after the last SAT session (LD ratio, 0.19 � 0.07;
activity counts: light phase, 0.96 � 0.24; dark phase, 14.3 � 0.71;
t(3) � 4.13; p � 0.026). At that time, collection of dialysates in
these animals (using the procedures illustrated in Fig. 1a) did not
reveal significant changes in ACh levels across 10 collections over
a time period that included the prior task practice time (F(9,27) �
0.55; p � 0.74).

Above-chance SAT performance and associated cholinergic
activity are necessary for maintaining time-stamped
cholinergic activation and diurnal activity
Removal of cortical cholinergic inputs persistently disrupts SAT
performance (McGaughy et al., 1996; McGaughy and Sarter,
1998). This experiment tested the hypothesis that such removal
and the resulting impairment in SAT performance prevent the
expression of prior task time-synchronized increases in cholin-
ergic activity and associated diurnality. Although this experiment
does not allow the isolation of the individual effects of loss of
cholinergic neurons and impaired SAT performance (but see
Discussion), it was designed to potentially reject the overall hy-
pothesis that SAT performance and underlying cholinergic activ-
ity contribute to the diurnal activity pattern that emerges during
SAT training and practice.

Figure 5a illustrates the timeline of major events of this rela-
tively complex experiment. As before, animals performing the
SAT at ZT4 exhibited a diurnal activity pattern [Fig. 5b; LD ratio,
2.17 � 0.45; comparison with the LD of NP rats (above): t(10) �
4.31; p � 0.007]. Infusions of the immunotoxin into the basal
forebrain removed �80% of extrinsic cholinergic innervation of
the cortex (Fig. 5g– k). As a result, SAT performance was robustly
impaired (main effect of lesion on SAT scores: F(1,6) � 18.74; p �
0.005; see Fig. 5c for multiple comparisons). As illustrated in Figure
5c, SAT performance remained signal duration-dependent (F(2,12) �
29.56; p � 0.001; lesion by duration: p � 0.34). Chance performance
in this task consist of 50% hits and 50% correct rejections, with the
threshold for statistically above chance performance at a SAT score
of 0.17 or higher (see dashed line in Fig. 5c). Lesioned animals’ per-
formance scores calculated over hits to medium and shortest signals
were below chance level.

After 60 d of postlesion SAT performance at such low levels,
and before the microdialysis part of this experiment, lesioned
animals continued to exhibit a diurnal activity pattern (LD ratio,
1.29 � 0.42), although the more restricted analysis of activity
counts did not reach significance (light phase, 11.48 � 1.42; dark
phase, 4.99 � 0.94; t(6) � 1.33; p � 0.23; Fig. 5d). At this point,
neither the LD ratio (t(13) � �0.57; p � 0.58) nor the light phase
activity counts (t(13) � 0.09; p � 0.93) differed between lesioned
and control animals. As would be expected, in deafferented ani-
mals, prefrontal ACh levels did not vary across the collection
periods that included the prior task period beginning at ZT4
(F(1,12) � 0.54; p � 0.47; Fig. 5e). Correlational analyses indicated
a trend for lesioned animals with higher ACh levels at �15 min—
when controls exhibit highest release levels (Fig. 1c)—to exhibit
relatively more diurnal activity (LD ratios; Pearson’s r � 0.84;
p � 0.07). Finally, the activity patterns of these animals, recorded
1 d after the microdialysis session, had completely reverted to a
nocturnal phenotype (LD ratio, 0.22 � 0.11; activity counts: light
phase, 0.80 � 0.25; dark phase, 19.33 � 3.19; Fig. 5f). This find-

ing contrasts with the persistent diurnal activity pattern observed
in intact animals recorded following an identical number of days
(4) after the final SAT session (Fig. 2b; LD ratio, t(13) � 5.81; p �
0.001; light phase activity counts: t(13) � 4.33; p � 0.003; intact,
12.99 � 1.08; lesioned, 0.08 � 0.25).

Benefit of time stamping: shifting SAT practice time within
the light cycle
Circadian influences on skilled and cognitive performance have
been extensively demonstrated (Folkard et al., 1983; Fekete et al.,
1985; Gerstner and Yin, 2010). The findings described above in-
dicate that attentional performance at a fixed time generates
rather precisely synchronized increases in cholinergic neu-
rotransmission. As such increases in cholinergic activity enhance
the readiness of cortical circuitry for input processing (Edeline et
al., 1994), this finding predicts that shifts in the timing of perfor-
mance, even within phase, should detrimentally affect perfor-
mance because of the absence of anticipatory and additive
cholinergic activity (but see Discussion).

Because the potential detrimental performance effects of
phase advancement (shifting to an earlier time) would be con-
founded by a shorter period of water deprivation (Echevarria et
al., 2005), we tested the effects of a phase delay (shifts to a later
time). As such a delay involved longer than usual periods of water
deprivation, the enhanced motivated recruitment of the cholin-
ergic attention system (St. Peters et al., 2011a) favored the rejec-
tion of the hypothesis that such a shift lowers performance. For
this experiment, animals first practiced the SAT at ZT2 for at least
90 d and then shifted to SAT practice to ZT8. ANOVA of the SAT
scores included the last three sessions prior and after the shift.
The shift resulted in a significant decrease in SAT performance
(F(1,7) � 11.22; p � 0.012; SAT scores: preshift, 0.49 � 0.03;
postshift, 0.40 � 0.03; Fig. 6). The effect of the phase delay did not
interact with day, indicating that the performance was stable be-
fore the shift and did not recover during the first 3 d after the shift
(main effects of day and interaction: both p � 0.48). This is
consistent with prior observations indicating that shifting SAT
performance to a new time and even into a different phase re-
quires weeks of practice for performance to return to preshift
levels (Gritton et al., 2012). The shift-induced decrease in the SAT
score was due to impairments in the performance of signal and
nonsignal trials, neither of which reached significance if analyzed
individually [hits (averaged over signal duration): preshift,
59.04 � 3.29%; postshift, 52.76 � 3.58%; correct rejections: pre,
86.17 � 0.98%; post, 80.96 � 3.73%; both p � 0.05]. Errors of
omission were not affected by this shift (F(1,7) � 1.55; p � 0.25)
and remained generally low (�10%).

Discussion
The following main findings were obtained from five series of
experiments. (1) Daily practice of a SAT at a fixed time, but not of
an operant schedule of reinforcement, resulted in relatively pre-
cise task time-synchronized increases in prefrontal cholinergic
neurotransmission. These time-stamped increases in cholinergic
neurotransmission were measured after animals were taken off
task and maintained in a new environment. Furthermore, these
time-stamped elevations in prefrontal cholinergic activity were
observed regardless of whether the SAT was practiced during the
light or dark period or while placed in constant-light conditions
(LL). (2) Animals practicing the SAT beginning at 4 h into the
light phase (ZT4) maintained a diurnal activity pattern. No such
diurnality was observed in animals practicing the FI-9 operant
schedule of reinforcement despite the robustly higher reward and
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Figure 5. Cholinergic lesions impair SAT performance, abolish synchronized ACh release, and facilitate the reemergence of a nocturnal activity pattern. a, Timeline and major experimental events
(the wavy arrows linking schematics and data plots depict the origin of data across these events). Following 90 d of SAT practice at ZT4 and activity monitoring, bilateral infusions of the immunotoxin
192 IgG saporin into the basal forebrain (n � 7) removed �80% of cortical cholinergic inputs (g– k; below). Following 50 d of postlesion SAT performance and activity monitoring, microdialysis
guide cannula were implanted, followed by 10 d of SAT practice and then by transfer to the bowls and subsequent microdialysis and activity monitoring identical with the procedures in Figure 1a.
b, Before the lesions, SAT performance at ZT4 was associated with a diurnal activity pattern (wheels). c, SAT performance averaged over the last three sessions of the postcannulation 10 d
performance period. SAT scores (abscissa) combine signal and nonsignal trial performance and are calculated over signal durations (see Materials and Methods) and range from 0 (random
responding) to 1 (all response are hits or correct rejections). As expected and was repeatedly demonstrated, the lesions robustly and persistently impaired SAT performance, with SAT scores
calculated over hits for the two shorter signal durations reaching below chance levels (see dashed line; post hoc multiple comparisons: *p � 0.05, **p � 0.001). Error bars indicate SEM. d, The final
three SAT sessions were associated with a predominantly diurnal activity pattern, although to a lesser degree than observed in intact animals (Fig. 5b; see Results). e, Residual ACh release in lesioned
animals did not vary across collections that included the prior SAT practice period. f, Four days following the last SAT session, a completely nocturnal activity pattern had reemerged. This contrasts
with a persistent diurnal activity pattern in intact animals at this point (Fig. 2b). g, h, ChAT-immunostained sections of the medial prefrontal cortex of a control and a lesioned rat, respectively. Scale
bars: g, h, j, k, 100 �m. ChAT-positive puncta are distributed across all layers of the cortex (g). Immunotoxin-induced removal of cholinergic inputs spared the bipolar ChAT-positive cortical
interneurons that are mostly located in layers 2 and 3 (see arrows in h). The postsynaptic action and, generally, the function of these interneurons are largely unclear (von Engelhardt et al., 2007).
i, Schematic location of the main cholinergic cell groups in the basal forebrain (shaded areas; CPu, caudate–putamen; GP, globus palidus; HDB/MCPO, horizontal nucleus of the diagonal
band/magnocellular preoptic nucleus; nbM, nucleus basalis of Meynert; SI, substantia innominata). j, Distribution of ChAT-positive neurons in the basal forebrain in the nBM, SI, and HDB/MCPO (see
i for orientation). k, Infusions of the immunotoxin (see arrows for needle tract) removed the majority of nbM and Si cholinergic neurons, yielding a �80% deafferentation of the cortex as indicated
by measures of ChAT-positive fiber densities.
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response rates produced by this operant schedule. After SAT
practice was terminated, a nocturnal activity pattern resumed 8 d
after the final SAT session and task period-synchronized cholin-
ergic activation was no longer observed. (3) Food-restricted ani-
mals exhibited strong FAA and attenuated activity during the
dark period (Hut et al., 2011). However, FAA was not associated
with increases in prefrontal cholinergic neurotransmission. (4)
Removal of cholinergic projections to the cortex robustly im-
paired SAT performance, attenuated performance-associated di-
urnality, and accelerated the return of nocturnality within 4 d
after the last performance session. (5) Consistent with the hy-
pothesis that task period-synchronized increases in cortical cho-
linergic activity benefits SAT performance, shifting the time of
SAT practice within the light phase impaired performance.

The tonic component of cortical cholinergic neurotransmis-
sion modulates cortical circuitry to facilitate the attentional pro-
cessing of stimuli (McKenna et al., 1989; Dalley et al., 2004;
Disney et al., 2007; Herrero et al., 2008; Bauer et al., 2012). In the
specific context of the SAT, tonic cholinergic activity upregulates
the interactions between cue-evoked thalamic glutamatergic and
a separate, phasic component of cholinergic neurotransmission,
thereby increasing the probability of hits in attention tasks
(Parikh et al., 2007, 2008; Howe et al., 2010; Hasselmo and Sarter,
2011). Compared with increases in cholinergic activity that are
synchronized to the prior task practice time, reaching 60% over
baseline, SAT performance-associated levels of ACh release are
approximately twofold higher and, under conditions that require
enhanced stimulus processing and distractor filtering, reach
180% over baseline (St. Peters et al., 2011a). Prior task period
synchronized increases in cholinergic activity are hypothesized to
contribute to the readiness of cortical circuitry to process tha-
lamic inputs (Edeline et al., 1994). The additional increases in
cholinergic activity that occur during actual task performance
likely benefit distractor filtering (Gill et al., 2000) and motivated
attentional performance over longer periods of time (Sarter et al.,
2006). Thus, SAT task time-stamped increases in cholinergic ac-
tivation benefit attentional performance if practiced precisely ev-
ery 24 h, as also indicated by the costs of shifts in performance
time (below).

The increases in cholinergic activity were precisely synchro-
nized to the prior SAT practice period. Even in animals main-

tained under constant-light conditions
(LL), and thus in the absence of a potent
zeitgeber that could have assisted in tim-
ing the prior task period, the timing of the
activation of the cholinergic system began
one collection before task onset. Thus,
SAT practice acts as a potent nonphotic
zeitgeber. In animals that had practiced
the SAT in the dark phase, beginning at
ZT16, cholinergic activation coincided
with prior task onset time but lasted twice
the duration of prior task practice, per-
haps reflecting the generally greater excit-
ability of this neuronal system during the
dark phase.

Our evidence indicates that the return
of nocturnal activity was associated with
the loss of task time-stamped cholinergic
activity and that cholinergic lesions facili-
tate such a return of a nocturnal activity
pattern. These findings suggests that time-
stamped increases in cholinergic neu-

rotransmission are not just an expression of finely tuned clocks
but in turn may also serve as a zeitgeber, to maintain the precise
timing of prior task practice periods. Following 8 d without SAT
practice, this bidirectional interaction between cholinergic ac-
tivity and central and peripheral clocks was weakened, to the
point that task period-synchronized ACh release was no lon-
ger observed.

The regulation and function of synchronized increases in cor-
tical cholinergic activity may extend to basal forebrain cholin-
ergic projections to the suprachiasmatic nucleus (SCN) (Erhardt
et al., 2004; Hut and Van der Zee, 2011). It is not known whether
SAT performance activates basal forebrain cholinergic projec-
tions to the SCN in parallel to the increases in cholinergic neu-
rotransmission in the cortex. However, selective removal of SCN
cholinergic afferents attenuates the diurnality-inducing effect of
daily SAT practice at ZT4 (H. J. Gritton, A. M. Stasiak, M. Sarter,
T. M. Lee, unpublished observations). We can therefore not rule
out that diurnality associated with performing the SAT at ZT4
was maintained, at least in part, by activation of cholinergic in-
puts to the SCN, and that the rapid reemergence of nocturnal
activity in lesioned animals was due, at least in part, to loss of
cholinergic projections to the SCN (Bina et al., 1997).

Our results specify the type of behavior that was sufficient for
elevating cortical ACh release at precisely the time of prior task
practice. Neither performance of an operant schedule of rein-
forcement nor FAA was associated with such an effect. Further-
more, as spatial memory performance does not induce a diurnal
activity pattern (Gritton et al., 2012) and does not depend on the
cholinergic basal forebrain (Baxter et al., 1996; Dornan et al.,
1996; Vuckovich et al., 2004), task practice-induced diurnality
appears to result specifically from practicing an attentional task
(van der Heijden et al., 2010) and the recruitment of underlying
cortical cholinergic mechanisms.

Additional neuronal mechanisms associated with SAT perfor-
mance may contribute to maintaining a diurnal activity pattern,
particularly after removal of cholinergic projections, as indicated
by the persistent diurnality in lesioned animals (Fig. 1d). How-
ever, the cholinergic lesion-induced rapid and complete return of
a nocturnal activity after termination of SAT practice suggests
that time-stamped activation of the basal cholinergic system is

Figure 6. Impairments in SAT performance as a result of a phase delay of practice time by 6 h. a, SAT scores calculated over
signal durations averaged over the final three sessions of �90 d of SAT practice at ZT2. SAT practice time was then moved to ZT8
(n � 8). b, Impairments in SAT performance averaged over three sessions after the shift of practice time to ZT8 (see Results for
ANOVA of the effects of shift). Performance remained impaired for this period following the shift of practice time, consistent with
prior evidence indicating that weeks of practice are required to regain preshift baseline performance (Gritton et al., 2012). Error
bars indicate SEM.
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necessary for maintaining a diurnal activity pattern in the absence
of daily SAT practice.

The neuronal mechanisms mediating the precisely synchro-
nized increase in cholinergic neurotransmission, as well as the
mechanisms mediating cholinergic entrainment remain specula-
tive (de Prado et al., 2003). Concerning the former, evidence
indicates that mesolimbic dopaminergic activity is strongly influ-
enced by the SCN (Agostino et al., 2011). We previously demon-
strated that activity in the nucleus accumbens is necessary and
sufficient for elevating performance-associated increases in cor-
tical cholinergic activity (Neigh-McCandless et al., 2002; Neigh et
al., 2004; St. Peters et al., 2011a). Thus cholinergic activation may
be timed via circuits involving mesolimbic dopaminergic neu-
rons and/or via direct, hitherto-unknown mechanisms directly
linking cholinergic cells to SCN output. Separate circuitry and
local, including cortical, brain clocks (Kyriacou and Hastings,
2010) may control the timing of activation of neuronal systems
mediating specific cognitive functions and more global behav-
ioral processes, respectively [see also the discussion in the study
by McGregor et al. (2011)].

The present evidence demonstrates the power and precision
of the timing of neuronal mechanisms that are necessary for at-
tentional performance. Our results from the final experiment are
consistent with the hypothesis that attentional practice time-
stamped increases in cholinergic activity benefit attentional per-
formance. However, time-stamped increases in cholinergic
neurotransmission were assessed in a new environment to avoid
contextual confounds, that is, the activating effects of being
placed into the task chamber. Animals practicing at the same time
and placed in the test chambers exhibit contextual and anticipa-
tory increases in ACh release before task onset [Kozak et al.
(2007), their Fig. 4]. Thus, while our results from the final exper-
iment indicate the functionality of practicing attention-
demanding tasks at a fixed time every 24 h (Stroebel, 1967;
Holloway and Wansley, 1973; Folkard et al., 1983; Gerstner and
Yin, 2010), the relative contributions of, and interactions be-
tween, timing and contextual occasion setters, such as the task-
related environment, to cholinergic activation and performance
would need to be specified by complex experiments attempting
to isolate these variables.

Finally, precise timing of attention-mediating neuronal cir-
cuitry demonstrated in the present experiments provides a neu-
ronal mechanism underlying not only the benefits of fixed-time
attentional performance but also accounting for the performance
costs of variably timed performance (Schmidt et al., 2007) and,
more dramatically, of performance shifted across light/dark
phases (Fekete et al., 1985; Lustig and Meck, 2001; Reid et al.,
2011). Evidence from humans indicating that the cognitive/at-
tentional costs of circadian manipulations can be rescued in part
by administering a cholinesterase inhibitor (Chuah and Chee,
2008) is consistent with the hypothesis that timed cholinergic
activity is a mechanism that benefits fixed-time performance and
also serves as a cognitive zeitgeber. Furthermore, major cogni-
tive–affective symptoms of neuropsychiatric disorders have been
associated with, or even attributed in part to, circadian dysregu-
lation (Wulff and Joyce, 2011; Wulff et al., 2012). Such dysregu-
lation may extend to the disruption of timed cholinergic activity,
perhaps via circuitry including mesolimbic projections to the
basal forebrain (Dzirasa et al., 2010; Mukherjee et al., 2010).

In conclusion, these experiments demonstrated that fixed-
time, daily practice of a task requiring cortical cholinergic activity
generates a precisely practice time-stamped activation of this
neuronal system. Practice time-synchronized cholinergic activa-

tion is expressed independently of the task environment and the
presence of photic zeitgebers. Time-stamped cholinergic activa-
tion benefits fixed-time performance and, if practiced during the
light phase, contributes to a diurnal activity pattern. Numerous
behavioral and cognitive routines may benefit from time-
stamped activation of their underlying neuronal mechanisms.
Circadian dysregulation, caused either by phase shifts or associ-
ated with neuropsychiatric disorders, can therefore be hypothe-
sized to cause impairments in attentional performance as a result
of ill timed or absent activation of the cortical cholinergic input
system.
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