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The cortical cholinergic input system has been described as a
neuromodulator system that influences broadly defined behavioral
and brain states. The discovery of phasic, trial-based increases in
extracellular choline (transients), resulting from the hydrolysis of
newly released acetylcholine (ACh), in the cortex of animals report-
ing the presence of cues suggests that ACh may have a more
specialized role in cognitive processes. Here we expressed channel-
rhodopsin or halorhodopsin in basal forebrain cholinergic neurons of
mice with optic fibers directed into this region and prefrontal cortex.
Cholinergic transients, evoked in accordance with photostimulation
parameters determined in vivo, were generated in mice performing
a task necessitating the reporting of cue and noncue events.
Generating cholinergic transients in conjunction with cues enhanced
cue detection rates. Moreover, generating transients in noncued
trials, where cholinergic transients normally are not observed,
increased the number of invalid claims for cues. Enhancing hits
and generating false alarms both scaled with stimulation in-
tensity. Suppression of endogenous cholinergic activity during cued
trials reduced hit rates. Cholinergic transients may be essential for
synchronizing cortical neuronal output driven by salient cues and
executing cue-guided responses.
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Virtually all cortical regions and layers receive inputs from
cholinergic neurons originating in the nucleus basalis of
Meynert, the substantia innominata, and the diagonal band of
the basal forebrain (BF). Reflecting the seemingly diffuse organi-
zation of this projection system, functional conceptualizations tra-
ditionally have described acetylcholine (ACh) as a neuromodulator
that influences broadly defined behavioral and cognitive processes
such as wakefulness, arousal, and gating of input processing (1, 2).
However, anatomical studies have revealed a topographic organi-
zation of BF cholinergic cell bodies with highly segregated cortical
projection patterns (3-7). Such an anatomical organization favors
hypotheses describing the cholinergic mediation of discrete cogni-
tive-behavioral processes. Studies assessing the behavioral effects
of cholinergic lesions, recording from or stimulating BF neurons in
behaving animals have supported such hypotheses, proposing that
cholinergic activity enhances sensory coding and mediates the
ability of reward-predicting stimuli to control behavior (8-17).

In separate experiments using two different tasks, we reported
the presence of phasic cholinergic release events (transients) in the
medial prefrontal cortex (mPFC) of rodents trained to report the
presence of cues (18, 19). These studies used choline-sensitive
microelectrodes to measure changes in extracellular choline con-
centrations that reflect the hydrolysis of newly released ACh by
endogenous acetylcholinesterase (SI Results and Discussion). Im-
portantly, such cholinergic transients were not observed in trials in
which cues were missed and in which the absence of a cue was
correctly reported and rewarded. Cholinergic transients have thus
been hypothesized to mediate the detection of cues, specifically
defined as the cognitive process that generates a behavioral re-
sponse by which subjects report the presence of a cue (20).

Here we used optogenetic methods to test the causal role of
cortical cholinergic transients in cue detection (as defined above).
We used a task that consisted of cued and noncued trials and
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rewarded correct responses for both trial types (hits and correct
rejections). Incorrect responses (misses and false alarms, re-
spectively) were not rewarded. We hypothesized that hit rates
would be enhanced by generating transients in conjunction with
cues, and that hit rates will be reduced by silencing cue-associ-
ated endogenous cholinergic signaling. We further reasoned
that if cholinergic transients are a mediator of the cue detection
response, generating such transients on noncued trials could
force invalid detections (false alarms).

Phasic cholinergic activity was generated or silenced, in separate
sessions, by photoactivation directed toward the cholinergic cell
bodies of the BF or the cholinergic terminals locally in the right
mPFC. The decision to target right mPFC was based on findings
indicating that performance of the task used here enhances cho-
linergic function in the right, but not left, mPFC in mice (21) and
activates right prefrontal regions in humans (19, 22). The present
results support the hypothesis that the ability of cues to guide
behavior is mediated by phasic cholinergic signaling. Particularly
strong support for this hypothesis was obtained by the demon-
stration that, in the absence of cues, and thus of endogenous
transients, photostimulation of either cholinergic soma in the BF
or cholinergic terminals in the mPFC increased the number of
invalid reports of cues (or false alarms).

Results

Optogenetic Generation of Cholinergic Transients. First we determined
the optogenetic stimulation parameters required to generate cho-
line currents with amplitudes that correspond with those observed
in task-performing animals. Choline-acetyltransferase (ChAT)-Cre
mice were virally transduced to express channelrhodopsin-2 (ChR2)
in cholinergic neurons (Fig. 1 and Figs. S1-S3). Optical fibers were
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Fig. 1. Example of transfected cholinergic neurons in the basal forebrain
expressing the reporter EYFP. The microphotographs show the middle slice
of a confocal stack taken at the level of the ventral nucleus basalis of
Meynert (coronal slice). Cholinergic neurons were visualized using an anti-
body against the vesicular acetylcholine transporter (VAChT; S/ Materials and
Methods; red; Upper Left). ChR2-H134R-EYFP-expressing neurons are in
green (Lower Left). Merged microphotograph is on Right, with white arrows
depicting VAChT+EYFP-immunopositive neurons and red arrows (on white
contrast) depicting cholinergic neurons that were not transfected (10-um
scale inserted). Note that visualization of the colabeling of some neurons
was outside this particular focal plane/slice but present in adjacent confocal
slices. Neurons in the more ventral portion of this section were not trans-
fected by the virus. The image represents the general finding that about
two-thirds of cholinergic neurons in the nucleus basalis were transfected and
that EYFP expression was restricted to cholinergic neurons (Figs. S1 and S3).

implanted into the right BF and the right mPFC, concurrent with a
choline-sensitive microelectrode in the ipsilateral mPFC (Fig. 2 and
Table S1). Because of headstage constraints, simultaneous electro-
chemical recording and optogenetic stimulation were performed in
anesthetized mice. Cholinergic activation was induced through so-
matic or mPFC terminal stimulation in a series of sweeps across
multiple laser intensities (5-25 mW) and durations (500 and 1,000
ms) and recorded in mPFC (Fig. 2). Control experiments confirmed
that recorded currents reflected hydrogen peroxide resulting from
enzymatic oxidation of choline (Fig. 2B).

Increasing BF stimulation power increased the amplitude of
choline currents [F(4,116) = 34.81, P < 0.001; Fig. 2D]. Amplitudes
did not vary by stimulation duration and the two factors did not
interact [main effect of stimulation duration: F(1,29) = 2.90, P =
0.10, duration by power interaction: F(4,116) = 2.07, P = 0.11].
Compared with the shorter stimulation duration, 1,000-ms stimu-
lation generated transients that peaked later [F(1,29) = 94.40, P <
0.001] and required more time to return within 50% of baseline
[ts0; F(1,29) = 73.32, P < 0.001; Fig. 2E]. Stimulation power did not
affect peak time [main effect of power: F(4,116) = 2.00, P = 0.13]
or the rate of signal decay [main effect of power: F(4,116) = 2.19,
P = 0.08]. The effects of stimulation power and duration did not
interact for either measure [peak time, power by duration in-
teraction: F(4,116) = 1.05, P = 0.39; decay rate, power by duration
interaction: F(4,116) = 0.24, P = 0.89; for currents evoked by
photostimulation in the mPFC see Fig. S4].

The amplitudes of endogenous cholinergic transients recorded
during cue-hit trials corresponded most closely with those evoked
by medium laser power (Fig. S5). However, endogenous transients
rose and decayed more slowly than photostimulation-evoked
transients, likely reflecting that that the dynamics of behavior-
associated neurotransmitter release cannot be fully reproduced by
optogenetic stimulation alone. Rather, endogenous transients likely
reflect the activation of large neuronal networks that involve
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interactions with cholinergic neurons and are modulated by factors
such as cortical state or top-down input. These conditions are not
fully recreated by photostimulation of a specific neuronal population
(see Fig. S6 for the impact of cortical state on transient character-
istics). To assess the behavioral effects of a range of amplitudes of
evoked cholinergic transients, the present behavioral experiments
therefore systematically evaluated the behavioral effects of a wide
range of stimulation power levels (5-25 mW).

Baseline Sustained Attention Task Performance by Chat™'"® Mice.
Chat™ ™ mice were trained to criterion on the operant sustained
attention task (SAT) and then received bilateral infusions of adeno-
associated virus (AAV) to induce expression of either ChR2-en-
hanced yellow fluorescent protein (EYFP), eNpHR3.0-EYFP [hal-
orhodopsin (Halo)], or only EYFP in BF cholinergic neurons. Mice
were next implanted with optic fibers bilaterally in the BF and uni-
laterally in right mPFC and then retrained to SAT criterion per-
formance before tests of the effects of photoactivation on
performance (Fig. 34). As illustrated in Fig. 3B, the SAT consisted
of cued and noncued (or blank) trials. Correct and rewarded re-
sponses were hits and correct rejections. Incorrect responses were
misses and false alarms, respectively.

Baseline SAT performance, before optogenetic stimulation but
after surgery, did not differ between mice previously infused with the
three viral constructs [Fig. 3 C and D; main effects of group on hits
and on false alarms; hits: F(2,16) = 0.30, P = 0.74; correct rejections:
F(2,16) = 0.52, P > 0.61]. Hit rates were ~80% for the longest cue
durations and 50% for the shortest cues, and mice correctly rejected
about 75% of the noncued trials. Hits varied with cue duration
[F(2,32) = 64.593, P < 0.001], but this effect did not differ
between groups [group X duration: F(4,32) = 0.287, P = 0.88]. The
relative number of errors of omissions did not vary between groups
[F(2,16) = 0.61, P = 0.56; mean + SEM: 14.46 + 7.31%)].

Photostimulation During Cued Trials Enhances Hits. Next we asked
whether stimulation of BF cholinergic nuclei or mPFC terminals,
coincident with cue presentation (Fig. 44), increased the likelihood
of hits. In all performance sessions, animals received trials paired
with optogenetic stimulation and control trials without laser stim-
ulation. BF ChR2 stimulation during the cue significantly increased
hit rates [main effect of power; F(5,40) = 5.20, P = 0.001; Fig. 4B].
Moreover, the effects of power significantly interacted with cue
duration [duration: F(2,16) = 9.71, P = 0.002; duration X power:
F(10,80) = 2.26, P = 0.03]. Post hoc one-way ANOVAs indicated
that increasing laser power resulted in increases in hits to shortest
and medium-duration cues, but not to longest cues (Fig. 4C).
Optical stimulation of mPFC cholinergic terminals alone did not
significantly enhance hit rates [F(5,40) = 1.87, P = 0.14; Fig. 4D]. In
contrast to the robust effects of laser stimulation in ChR2 mice, in
control animals expressing EYFP alone, neither stimulation at the
level of BF cholinergic neurons nor at cholinergic terminals in the
mPFC (Fig. 4F) resulted in significant effects on hit rates [main
effects of laser power BF: F(5,10) = 1.40, P = 0.30, mPFC: F(5,20) =
0.75, P = 0.59; for effects of photostimulation on response times for
hits, see Fig. S7].

Photostimulation During Noncued Trials Enhances False Alarms. As a
strong test of the hypothesis that cholinergic transients are causal in
mediating cue detection, we tested whether generating transients
on noncue trials, where transients do not occur (19), can force false
alarms (Fig. 5). In mice expressing ChR2, the effects of photo-
stimulation during noncued trials were profound. In the absence of
stimulation, false alarm rates remained relatively low (<20%).
Stimulation of either the BF or mPFC more than doubled false
alarm rates [BF: F(5,40) = 4.65; P = 0.002; mPFC: F(5,40) = 7.76,
P < 0.001; Fig. 5 B and C; for response times for false alarms, see
Fig. S8]. In animals expressing only EYFP, neither bilateral BF nor
mPFC laser activation during noncued trials affected the relative
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Fig. 2. Prefrontal choline currents, recorded using choline-sensitive microelectrodes, as a function of laser stimulation power and duration. (A) Electrode
configuration and placement in the prelimbic (Prl) cortex. Choline oxidase (ChOX) was immobilized on two of four ceramic-based platinum recording sites.
(B) Changing the applied potential of 0.7 V, the optimum oxidation potential of the reporter molecule H,0O, (red: vs. the reference electrode) to 0.00 V (black),
eliminated optogenetically evoked currents, confirming the cholinergic basis of currents and controlling for potential confounds resulting from laser stim-
ulation. (C) Mean choline currents from all trials evoked by stimulation of ChR2-expressing cholinergic neurons in the basal forebrain (BF; 5-25 mW; 1,000 ms).
(D) Increasing stimulation power resulted in higher transient amplitudes (post hoc multiple comparisons: *P < 0.05; **P < 0.01, ***P < 0.001). Amplitudes did
not vary by stimulation duration, and the two factors did not interact. (E) Compared with the shorter stimulation period, 1,000-ms stimulation generated
transients peaked later and required more time to return within 50% of baseline (see also Fig. S5; for cortically evoked currents, see Fig. S4; for the impact of

cortical state on choline currents, see Fig. S6).

number of false alarms [BF: F(5,10) = 0.72, P = 0.62; mPFC:
F(5,20) = 1.37, P = 0.30], supporting the interpretation that
manipulation of BF cholinergic signaling led to the behavioral
effects, as opposed to nonspecific byproducts of intracranial light
delivery (Fig. 5 D and E; for response times, see Figs. S7 and S8).

We were concerned that photostimulation during noncued trials
could generate an overall response bias favoring false alarms. To
test this, we compared false alarm rates from nonstimulated,
noncued trials, from within the laser stimulation test session, to
false alarm rates from baseline performance. Nonstimulated false
alarm rates were lower than at baseline [BF: #(8) = 2.70, P = 0.03;
mPFC: #(8) = 2.11, P = 0.07; baseline: 20.38 + 2.20%; mPFC:
15.59 + 3.28%; BF: 15.02 + 3.16%]. These false alarm rates also
paralleled levels seen in EYFP control mice from their corre-
sponding stimulation test sessions (Fig. 5 D and E). Thus, rather
than developing a riskier bias toward indicating that a cue had
occurred, mice adopted a more conservative criterion during
sessions with laser stimulation.

Control Analyses of Potential Carryover Effects of Photostimulation.
ChR2 stimulation in the presence and absence of cues enhanced
the relative number of hits and false alarms, respectively. Several
control analyses were conducted to determine whether these
effects were associated with a more generalized shift in the
animals’ task-performance strategy. As already detailed above,

Gritton et al.

enhancing false alarm rates with optical stimulation of ChR2 did
not increase the relative number of false alarms on trials without
laser stimulation.

We also compared hits and omissions on nonstimulated trials to
prestimulation baseline performance levels. Hit rates did not differ
between baseline and nonstimulation trials during BF stimulation
test days [main effect of test session, F(1,8) = 1.71, P = 0.23] or on
PFC stimulation test days [F(1,8) = 1.41, P = 0.27]. There was
also no interaction with the effects of test day and cue duration
[BF: F(2,16) = 0.06, P = 0.92; PFC: F(2,16) = 0.57, P = 0.51].
We next analyzed animals’ performance on nonstimulated trials
from each laser stimulation session, within each group (EYFP,
ChR2, and Halo) using a repeated-measures ANOVA with a
within-subjects factor of day. Performance on nonstimulation trials
did not vary across stimulation days within any group (EYFP,
ChR2, Halo; all P > 0.10). A follow-up analysis compared data from
the nonstimulation condition across groups to further explore any
potential differences in their baseline performance. This analysis
was conducted using a one-way ANOVA with a between-subjects
factor of group (EYFP, ChR2, Halo). Nonstimulation trial perfor-
mance did not differ between groups for BF stimulation test days
[main effect of group on hits: F(2,16) = 0.34, P = 0.72, false alarms:
F(2,16) = 1.10, P = 0.36] or PFC stimulation test days [main effect of
group on hits: F(2,18) = 0.26, P = 0.77, false alarms: F(2,18) = 1.69,
P=022]
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Fig. 3. Timeline of major experimental events, task trial types, and baseline performance. (A) ChAT-Cre mice first acquired the SAT over 8-12 wk. Thereafter,
they received bilateral infusions of one of the virus constructs into the BF (Upper Right). Seven days later, optic fibers were implanted into the BF and mPFC.
Mice resumed task practice while tethered for 2-3 wk. The effects of optical stimulation across various stimulation intensities were tested in 8-10 sessions over
the next 20-30 d with tethered nonstimulation days intermixed (Left). (B) The task consisted of a random order of cued and noncued trials. Following either
event, two nose-poke devices extended into the chambers and were retracted upon a nose-poke or following 4 s. Hits and correct rejections were rewarded
with water, whereas misses and false alarms were not (Right Inset; arrows in the inset and depicting nose-poke selection are color-matched; half of the mice
were trained with the nose-poke direction rules reversed). Following an intertrial interval of 12 + 3 s, the next cue or noncue event commenced. The
photographic inserts show a cue presentation with a mouse orienting toward the intelligence panel while positioned at the water port (Left), a subsequent
hit, a noncue event, and a subsequent correct rejection (Right). (C and D) Baseline SAT performance during tethering by groups of mice to be infused with one
of the three virus constructs (n = 9 ChR2, n = 5 Halo, n = 5 EYFP). Mice detected cues in a cue duration-dependent manner (C) and they correctly rejected
<75% of noncue events (D). Performance did not differ between the three groups (see Results for statistical analyses).

A final control analysis used the performance data of ChR2
animals tested using the block design version of the task (SI
Materials and Methods). This analysis allowed us to assess the
possibility that photostimulation on a particular trial type within
a block of trials biased performance on a subsequent block of
trials without stimulation. Specifically, we compared hit and false
alarm rates in the prestimulation block to hit and false alarm
rates in the poststimulation block. Photoactivation of noncued
trials, thus inducing false alarms, had no impact on hit rates in
the poststimulation performance block [BF: #(1) = 0.79, P =
0.58; PFC: #(1) = 0.001, P = 0.99]. Similarly, photoactivation on
cued trials, thus evoking increases in hit rates, had no impact on

E1092 | www.pnas.org/cgi/doi/10.1073/pnas.1516134113

false alarm rates in the poststimulation performance block [BF: ¢
(1) = -3.01, P = 0.20; PFC: #(1) = 0.20, P = 0.87]. Combined, the
results from our control analyses suggest that carryover effects did
not contribute to the behavioral impact of laser stimulation.
Rather, the impact of transiently manipulating cholinergic activity
was specific to the trial in which the manipulation occurred.

Photoinhibition During Cued Trials Reduces Hits. In the final series
of experiments, we expressed Halo in BF cholinergic neurons to
test the hypothesis that silencing endogenous ACh transients
coincident with cue presentation would decrease hit rates. To
ensure robust attenuation, photoinhibition began 50 ms before

Gritton et al.
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of power significantly interacted with cue duration, reflecting significant increases in hits to shortest and medium-duration cues. Post hoc one-way ANOVAs in-
dicated that by increasing power, and thus the amplitude of evoked release, stimulation resulted in increases in hits to shortest and medium-duration cues, but not
to longest cues (post hoc comparisons: *P < 0.05; **P < 0.01). (D) ChR2 stimulation in mPFC did not significantly affect hit rates. (E) Neither BF stimulation (n = 3) nor

mPFC stimulation (n = 5) affected the hit rates in EYFP-expressing control mice.

cue onset and remained on through the entire cue period (Fig.
6A4). BF activation in Halo-expressing mice decreased hit rates,
with increasing laser power producing greater effects [F(3,12) =
4.94, P = 0.02; Fig. 6B; for response times, see Fig. S9]. Al-
though the effect of Halo activation appeared most robust for
hits to longest cues, the interaction between cue duration and
laser power did not reach statistical significance [main effect of
cue duration: F(2,8) = 6.27, P = 0.03; cue x power: F(6,24) =
1.72, P = 0.19; Fig. 6B]. The hit-reducing effect of Halo BF
activation during cued trials did not influence noncued trial
performance [false alarms: F(3,12) = 1.66, P = 0.25; Fig. 6C],
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and it did not increase the rate of omissions [F(3,12) =0.47, P =
0.71; Fig. 6D]. mPFC activation of Halo was insufficient to
affect hit rates [main effect of power: F(3,16.72) = 0.12, P =
0.95, and interaction with duration: F(6,15.79) = 0.48, P = 0.82;
Fig. 6E].

Discussion

Cortical cholinergic activity is critically involved in sensory per-
ception and attention (9, 13, 23, 24). Here we demonstrate that
ACh signaling is an essential mechanism mediating the utiliza-
tion of environmental stimuli to guide behavior. Optogenetically
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Fig. 5. Effects of optogenetic activation of cholinergic neurons on noncued trials (n = 9 ChR2 mice). (A) On noncued trials, laser stimulation began 1,000 ms
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enhanced false alarms when applied bilaterally to the BF (B) or unilaterally just to the right mPFC (C; post hoc comparisons: *P < 0.05; **P < 0.01, ***P,0.001).
In control animals expressing EYFP, neither BF (D; n = 3) nor mPFC stimulation (E; n = 5) significantly affected the false alarm rates.

generated cholinergic transients enhanced the detection of cues
and, if generated during noncued trials, increased the rate of
false alarms. Conversely, silencing cholinergic activity resulted in
misses of long, salient cues that are normally detected (19).
Generating cholinergic transients in the mPFC was sufficient to
cause false alarms in the absence of a cue while enhancing or
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suppressing hits required bidirectional modulation of cholinergic
activity in more widespread BF projection fields.

Trial-to-Trial-Based Decisions and Support for a Cholinergic Basis of
Photostimulation Effects. Evoking cholinergic activity increased the
probability of reporting the presence of a cue, even in noncued
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trials. The task used in the present experiments included a ran-
dom sequence of cued and noncued trials and both hits and
correct rejections were rewarded. These factors allowed us to
attribute the behavioral effects of photostimulation to individual
trials and further to exclude potential carryover effects or cue
reporting biases. Because correct responses on cued and noncued
trials (hits, correct rejections) were rewarded equally, the effects
of evoked cholinergic activity cannot be attributed to reward
contingencies. A role of reward was also rejected in our previous
electrochemical recording studies (18, 19). Furthermore, we
found no evidence to suggest that photostimulation impacted the
performance on nonstimulated trials. Combined, these findings
reject an interpretation of stimulation effects in terms of gener-
alized decision or response biases, the altering of value repre-
sentations, or other processes that could generally alter the
threshold for indicating the presence of a cue.

Current technical limitations did not allow recording cholin-
ergic transients in conjunction with optogenetic stimulation in
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task-performing mice. Thus, the interpretation of the present
behavioral effects, in terms of being mediated by cholinergic
activity, is derived from evidence of the effects of cholinergic
photostimulation in anesthetized mice (Fig. 2 and Figs. S3-S6)
and the cholinergic transients previously recorded in animals
performing cue detection tasks (18, 19). Despite these limita-
tions, the selectivity of the behavioral effects suggests that our
stimulation parameters evoked biologically relevant ACh release.
Specifically, increasing laser power, and therefore the amplitude
of cholinergic transients, produced larger behavioral effects.
ChR?2 stimulation during cued trials preferentially enhanced the
hits to short- and medium-duration cues; such cues are missed at
higher rates and thus are less likely to be associated with cholinergic
transients. Increasing laser power resulted in higher hit rates spe-
cifically to these cues. Conversely, silencing cholinergic activity re-
duced hit rates to long cues, consistent with effects of cholinergic
lesions (9). Taken together, these findings indicate systematic
relationships between the salience of cues and photostimulation
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power and, by extrapolation, the amplitudes of evoked and
suppressed transients.

We cannot exclude the possibility that optogenetic stimulation
triggered corelease of other neurotransmitters from cholinergic
terminals (25), or that mechanisms secondary to cholinergic stim-
ulation are essential for mediating the behavioral effects described
here (26). However, in addition to results from our electrochemical
recordings studies (18, 19), a considerable literature on the effects
of pharmacological manipulations of the cholinergic system on
attentional performance in animals and humans (27-29) is con-
sistent with the present attribution of a cholinergic mechanism
underlying the effects of optogenetic stimulation on cue detection
processes (as defined in the introduction).

BF vs. mPFC Stimulation Effects. Bilateral BF stimulation increased
hits and false alarms, while bilateral BF inhibition reduced hit
rates. Right mPFC stimulation alone enhanced only false alarms.
Thus, mPFC cholinergic stimulation was sufficient to modulate
behavior only in the condition where endogenous transients are
not normally observed (19). A single transient increase in ACh
release, in a context where such release is not typically evoked,
may yield a greater impact of cholinergic signaling compared
with the effects of evoking transients that converge with endog-
enous release (cued trials). Furthermore, prior studies indicated
that cholinergic activity across fronto-parietal networks contrib-
utes to cue-detection performance (11, 30); thus, enhancing and
reducing hit rates may require manipulation of more widespread
endogenous cholinergic activity, as resulting from BF photo-
stimulation. An evoked, or mis-timed, cholinergic transient in
the mPFC alone may be capable of sufficiently recruiting mPFC
circuitry (31) and fronto-parietal networks (32) to force cue-di-
rected behavior in select cognitive-neuronal contexts not nor-
mally associated with increased cholinergic input.

Cognitive-Neuronal Mechanisms and Relevance for Disorders. Pre-
cisely timed cholinergic transients could be essential for syn-
chronizing cortical neuronal output driven by salient cues,
thereby coordinating local network activity recruited by a cue
(33, 34). Moreover, the selection of cues for guiding the be-
havior per se may be mediated by fronto-visual oscillations that
are generated by trial-based, phasic cholinergic signaling (35).
Such neuronal coordination through coherence therefore could
be necessary for the engagement of a particular motor plan for
executing selected cue-guided responses.

The neuronal mechanisms underlying the generation of cortical
cholinergic transients are not well understood but involve gluta-
matergic signaling from thalamic afferents (36). Our current cir-
cuitry model suggests that separate cholinergic neuromodulatory
activity, acting on a scale of minutes, can influence the generation
of transients via stimulation of nicotinic ACh receptors expressed
by thalamic glutamatergic terminals (37, 38). Cholinergic neuro-
modulation varies as a function of levels of top-down attentional
control and is driven in part by mesolimbic activity (39). This hy-
pothesis predicts that the loss of reward caused by distractors and
associated error rates alters the likelihood for, and perhaps also the
dynamics of, cholinergic transients. It also predicts that in subjects
with reduced motivation to perform, or otherwise aberrant meso-
limbic signaling, the presence and timing of transients could be
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2. Varela C (2013) The gating of neocortical information by modulators. J Neurophysiol
109(5):1229-1232.

3. Zaborszky L (2002) The modular organization of brain systems. Basal forebrain: The
last frontier. Prog Brain Res 136:359-372.

4. Zaborszky L, et al. (2015) Neurons in the basal forebrain project to the cortex in a
complex topographic organization that reflects corticocortical connectivity patterns:
An experimental study based on retrograde tracing and 3D reconstruction. Cereb
Cortex 25(1):118-137.
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sufficiently altered to yield impaired cognitive performance, in-
cluding the maladaptive learning of cue-reward relationships (17).

Our demonstration of increases in false alarms, resulting from
ill-timed cholinergic transients generated during noncued trials,
illustrates the potential role of cholinergic dysregulation in the per-
ceptual and cognitive impairments of neuropsychiatric and neuro-
degenerative disorders (40-42). Relatively subtle perturbations of
the dynamics of cholinergic transients may alter large-scale network
operations, such as fronto-parietal oscillatory activity (43), and
thereby cause invalid perceptions and cue-oriented behavior (44, 45).

Conclusion

The cortical cholinergic input system has long been hypothesized
to contribute to attentional function (46). Here we generated and
silenced cholinergic transients using optogenetic methods in mice
performing a task consisting of both cued and noncued trials. Our
results suggest that generating cholinergic transients enhances the
likelihood of reporting cues and, if generated during noncued tri-
als, the invalid reporting of cues. Our findings expand traditional
hypotheses of cholinergic functions by specifying that phasic,
transient cholinergic signaling is essential for executing selected
cue-guided behavior and by illustrating how dysregulated transients
may cause invalid processing of cues.

Materials and Methods

Detailed materials and methods are provided in SI Materials and Methods, and
additional results and discussion are provided in S/ Results and Discussion. Briefly,
ChAT-Cre male and female mice (34 mo old) were used in this study. All pro-
cedures were approved by the University of Michigan Committee on Use and
Care of Animals and conducted in laboratories accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care (AAALAQ). Cre-
recombinase-dependent viruses encoding channelrhodopsin-2 (ChR2-H134R-
EYFP), halorhodopsin (eNpHR3.0-EYFP), or EYFP alone, were made available
from Karl Deisseroth (Stanford University, Stanford, CA). Transfection using AAV
is detailed in S/ Materials and Methods. Choline-selective biosensors and fixed-
potential amperometry were used to measure changes in extracellular choline
concentrations that reflect choline resulting from hydrolysis of newly released
ACh and the oxidation of the reporter molecule H,O, (47-49). Optical stimula-
tion was achieved via a blue laser diode coupled to a fiber optic cable and
modulated via a custom written software package to control laser parameters
including duration and intensity. Animals underwent a total of 46 mo of
training of the operant sustained attention task (SAT) (50, 51) with the oldest
mouse being ~9 mo old at study conclusion. Once animals achieved performance
criterion they were randomly selected to undergo AAV infusions for one of three
possible constructs and underwent surgery for optic fiber placement. Mice
expressing EYFP or ChR2-EYFP practiced SAT sessions to determine the effects of
light alone (EYFP) or photoactivation of cholinergic neurons on behavior at
five intensities. In mice expressing eNpHR3.0-EYFP, effects of photosuppression
on behavior were measured across three intensities ranges. Following com-
pletion of these experiments, histological analyses verified that expression of a
viral reporter was limited to cells also expressing ChAT or vesicular choline
transporter (VAChT). Statistical analyses were carried out to determine dif-
ferences in performance associated with cholinergic activation or cholinergic
suppression relative to within session performance and across groups. Statis-
tical analyses were performed using ANOVAs and linear mixed models. Co-
variance structures were selected based on Akaike’s information criterion (52).
The a was set at 0.05, and exact P values were reported (53).
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