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The attentional control of behavior is a higher-order cognitive function that operates through attention and response inhibition. The
locus coeruleus (LC), the main source of norepinephrine in the brain,
is considered to be involved in attentional control by modulating
the neuronal activity of the prefrontal cortex (PFC). However, evidence for the causal role of LC activity in attentional control remains
elusive. Here, by using behavioral and optogenetic techniques, we
investigate the effect of LC neuron activation or inhibition in operant tests measuring attention and response inhibition (i.e., a measure of impulsive behavior). We show that LC neuron stimulation
increases goal-directed attention and decreases impulsivity, while
its suppression exacerbates distractibility and increases impulsive
responding. Remarkably, we found that attention and response inhibition are under the control of two divergent projections emanating from the LC: one to the dorso-medial PFC and the other to the
ventro-lateral orbitofrontal cortex, respectively. These findings are
especially relevant for those pathological conditions characterized
by attention deficits and elevated impulsivity.
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the administration of noradrenergic drugs (14, 15). However, since
NE-boosting drugs both increase extracellular NE (16) and decrease the LC spontaneous firing rate (17, 18), it is not clear which
of these effects is responsible for their cognition-enhancing properties, nor whether they are mediated by separate or shared neural
substrates in the PFC.
Previous research has sought to investigate in more detail the
mechanisms behind the procognitive effects of NE in animal
models via translational laboratory tasks measuring attention and
response inhibition mainly by physiological recordings, pharmacological interventions, or neurotoxic lesion approaches (19–22).
Although these methods possess high neurochemical and neuroanatomical specificity, they do not allow the manipulation of the
activity of the noradrenergic system in a direct and temporally
specific manner. Such technical limitations are especially important
for the LC/NE system, given its crucial role in learning and memory
as well as its remarkable plasticity (23, 24). On the other hand,
modern optogenetic techniques afford an unprecedented advantage in terms of neuroanatomical and temporal specificity for the
study of cognitive functions (25).
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T

he attentional control of behavior, which allows the execution
of plans and the attainment of goals, represents a distinguishing feature of the most advanced and complex organisms.
Attentional control relies on both attentional and inhibitory processes: while the attentional processes subtend the ability to direct
or shift the focus of attention to sources of information deemed
important for the task at hand (1), the inhibitory processes serve to
avoid interference from irrelevant stimuli by inhibiting prepotent
behaviors such as orienting toward distractors or impulsively
responding to them (2). These highly interacting and mutually
constraining cognitive functions are crucial for maintaining goaldirected behavior by allowing the organism to flexibly adapt to
continually changing environmental demands (3).
Attentional and inhibitory deficits are manifested as distractibility and impulsivity in several pathological conditions and
predict poor academic, professional, and social outcomes in the
general population (4, 5). Attention deficit/hyperactivity disorder
(ADHD) is the archetypal neurocognitive condition characterized by attentional control deficits. There is evidence that norepinephrine (NE) transmission is altered in ADHD (6–8), which
is consistent with the use of NE-boosting drugs as pharmacological therapies for this disorder (9–11).
The locus coeruleus (LC), the main source of NE in the brain, is
thought to be involved in attentional control, among other cognitive functions, by modulating neuronal activity in the prefrontal
cortex (PFC) (12, 13). Increased neuronal activity in the human
PFC and improved performance have been observed during cognitive tasks measuring attention and response inhibition following
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Functional levels of attention and impulse control allow advanced organisms to behave in a goal-directed manner by decreasing distraction from irrelevant stimuli and by avoiding
responses that are premature in a given situation. Attention
deficits and impulsivity are often comorbid with the main
symptoms of several neuropsychiatric conditions, but their
neuroanatomical substrates are still a matter of debate. Here we
show that activation of noradrenergic neurons of the mouse
locus coeruleus is necessary and sufficient for goal-directed behavior. We found that improvements are mediated by norepinephrine release in separate subregions of the prefrontal cortex.
This study provides causal evidence for the modulation of attentional control by locus coeruleus/norepinephrine neurons
and specifies the cortical areas involved in such effects.
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order to separately challenge different aspects of attentional performance. Our results show that LC stimulation increases goaldirected (top-down) attention and response inhibition. Conversely,
the inhibition of LC neurons makes the animals more distractible and
impulsive as if their attention were controlled prevalently in a
stimulus-driven (bottom-up) manner. We then confirmed the physiological relevance of our optogenetic manipulations by recording LC
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In order to better understand the role of the LC/NE system in
regulating the attentional control of behavior, we selectively
manipulated and recorded LC neuronal activity via temporally
targeted optogenetic techniques (26, 27) during operant tests of
attention and response inhibition. Crucially, since the effects of
perturbing LC neuronal activity are most obvious during difficult
tasks (28), we devised three variants of the same operant test in

Fig. 1. Double-transgenic strategy for the optogenetic targeting of LC neurons. (A) Expression of light-activated opsins in noradrenergic (NET+; red) LC
neurons of Ai32+ (Top) or Ai35+ mice (Bottom) crossed with NETCre+ mice. (Scale bar, 100 μm.) (B) (Top) Strategy for optogenetic manipulation and simultaneous electrophysiological recording of LC neurons. (Bottom) Representative waveforms from a LC isolated unit. (Scale bar, 0.2 ms × 0.1 mV.) (C) Effect of
blue laser (Top: six neurons, two mice) and green laser (Bottom: seven neurons, two mice) on LC firing rate in Ai32+ x NETCre+ (ChR2+) and Ai35+ x NETCre+
(Arch+) mice, respectively (7-s bins). (D) Histological sample showing the position of the optic fiber (solid line) and electrode track (dashed line). (Scale bar, 100
μm.) (E) Strategy for virally mediated expression of the fluorescent NE sensor GRABNE1m in mPFC and fiber photometry recordings during LC optogenetic
stimulation in ChR2+ mice. (F) Representative traces (scale bar, 1% ΔF/F) and quantification (G) of NE release in the mPFC (two mice; three trials each) at
different laser activation frequencies (7 s, 1.5 mW, 10-ms pulses). (H) Histological verification of GRABNE1m expression and optic fiber placement in the mPFC.
(I) Color scale of heatmaps. (J) Heatmaps of locomotor activity for ChR2 mice in the OF test. (K) Effect of LC stimulation on locomotor activity in the OF test. (L)
Effect of LC stimulation on the time spent in the center of the OF apparatus. (M) Heatmaps of ChR2 mice locomotor activity in the EPM test. (N) Effect of LC
stimulation on the time spent in the open arms of the EPM apparatus. Data are presented as mean; error bars show ± SEM. Repeated measures (RM) one-way
ANOVA followed by Sidak (C) or Dunnett (G; 5 Hz as reference variable) post hoc test. Unpaired t tests (K, L, N) are two-tailed. n.s., not significant; *P < 0.05;
**P < 0.005; ***P < 0.0001.
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calcium activity during attentional performance. Finally, we tested
whether the effects of LC activation on attention and response inhibition could be dissociated in downstream subregions of the PFC.
We found that stimulating LC terminals in the dorso-medial PFC
(dmPFC) decreases distractibility without affecting response inhibition, whereas stimulation of LC terminals in the ventro-lateral orbitofrontal cortex (vlOFC) specifically reinforces response inhibition
without affecting measures of attention. These results are crucial for
advancing our understanding of neurocognitive diseases characterized by attentional deficits and impulsivity.
Results
Double-Transgenic Strategy for the Optogenetic Targeting of LC Neurons.

To selectively manipulate LC neuronal activity during specific
epochs of behavioral tasks measuring attentional control, we took
advantage of neural circuit genetics and optogenetic techniques. By
crossing NETCre mice (29) with either Ai32 or Ai35 reporter mice
(30), we selectively expressed excitatory (ChR2) and inhibitory
(Arch) opsins, respectively, in noradrenergic NET+ neurons (Fig.
1A). We confirmed the interventional efficacy of these opsins by
measuring firing rates of NET+ neurons via extracellular electrophysiological recordings and simultaneous optogenetic manipulation
of LC neurons (Fig. 1B). In Ai32+ x NETCre+ (ChR2+) animals, a
blue laser activation at 20 Hz for 7 s produced a transient increase in
neural activity up to ∼5 Hz (Fig. 1 C, Upper: F2,10 = 52.79, P <
0.0001; see also SI Appendix, Fig. S1 B, C, and E). Importantly, this
level of optogenetic stimulation is consistent with a physiological
“elevated tonic” LC firing rate (31). Continuous green laser light for
7 s in Ai35+ x NETCre+ (Arch+) animals caused an almost total
inhibition of LC neuronal activity (Fig. 1 C, Lower: F2,12 = 30.81,
P < 0.0001; see also SI Appendix, Fig. S1 D and E). To further
support our choice of the stimulation parameters for ChR2+ mice,
we assessed NE release in the medial PFC (mPFC) by fiber photometry (FP) recordings of the fluorescent GPCR activation-based
NE (GRABNE1m) sensor (32) at different laser frequencies
(Fig. 1 E–H) and intensities (SI Appendix, Fig. S1 F–H). We found
that 20 Hz stimulation at 1.5 mW produced a moderate but robust
increase of extracellular NE in mPFC (Fig. 1G; F4,4 = 521,
P < 0.0001).
At the behavioral level, we found that our optogenetic stimulation parameters do not alter general locomotor activity levels
(Fig. 1 J and K; t23 = 0.48, n.s.). Unexpectedly, we also found that
our stimulation protocol increases the time spent by ChR2+
animals in the center of an open field (OF) apparatus (Fig. 1L;
t23 = 3.65, P = 0.001; ChR2–: n = 13; ChR2+: n = 12) as well as
the time spent in the open arms of the elevated plus maze (EPM)
(Fig. 1 M and N; t28 = 2.78, P = 0.009; ChR2–: n = 14; ChR2+:
n = 16), suggesting a decrease in anxiety-like behavior (33).
In summary, these results show that our optogenetic approach
to LC inhibition strongly silences neural activity, whereas our
stimulation parameters mimic physiological elevated levels of
tonic LC firing (∼5 Hz) and cause a significant release of NE in
PFC. Importantly, our LC stimulation protocol does not alter
spontaneous locomotor activity, but it decreases anxiety which is
known to impair goal-directed behavior (34, 35).
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LC Neurons Activity Modulates Sustained Attention and Response
Inhibition. Previous studies have reported marked improvements

in cognitive functions by pharmacologically enhancing NE extracellular levels (9, 20, 36). However, evidence for a direct involvement of LC neuronal activity in tasks measuring attention
and response inhibition is still lacking. To investigate the causal
relationship between LC neuronal activity and attentional control
performance, we trained double-transgenic mice and their littermates in a simplified version of the widely used five-choice serial
reaction time task (37), the two-choice task (Fig. 2 A and B),
designed to measure sustained attention (operationalized as the
proportion of correct responses) and response inhibition (defined
29082 | www.pnas.org/cgi/doi/10.1073/pnas.2015635117

as the proportion of premature responses, i.e., made before the
appearance of the target stimulus). Briefly, food-restricted animals
were required to wait for a target stimulus (a light turning on for
0.5 s) appearing in one of two apertures after a delay of 7 s and to
select the illuminated aperture by poking in it with the snout in
order to receive a food reward. Animals were then implanted with
bilateral optic fibers targeting the LC (Fig. 2C) and retrained to
criterion performance (Materials and Methods) before being tested
on the two-choice task. During test sessions (n = 3, 150 trials/
subject), trials with or without laser activation were interleaved in a
pseudorandom fashion. Stimulation of LC neurons in ChR2+ animals during the delay period preceding the appearance of the target
stimulus (“Laser On”) increased correct responses (Fig. 2E; laser x
genotype: F1,18 = 14.38, P = 0.0013; laser: F1,18 = 4.05, P = 0.059,
n.s.; genotype: F1,18 = 0.82, n.s.) and decreased premature responses
(Fig. 2F; laser x genotype: F1,18 = 8.14, P = 0.01; laser: F1,18 = 26.75,
P < 0.0001; genotype: F1,18 = 0.79, n.s.) compared to nonstimulated
trials (“Laser Off”), indicating significant improvements in sustained
attention and response inhibition, respectively. On the contrary, inhibition of LC neurons in Arch+ animals during the delay decreased
correct responses (Fig. 2I; laser x genotype: F1,14 = 3.64, n.s.; laser:
F1,14 = 5.09, P = 0.04; genotype: F1,14 = 0.43, n.s.) and increased
premature responses (Fig. 2J; laser x genotype: F1,14 = 1.26, n.s.;
laser: F1,14 = 10.47, P = 0.006; genotype: F1,14 = 0.43, n.s.). There
were no effects of laser activation on correct or premature responses
in ChR2– or Arch– mice, nor on other behavioral measures such as
reaction time (RT) (Fig. 2 G and K) and reward collection latency
(RCL) (SI Appendix, Fig. S2 B and D) in any of the groups, ruling
out an effect of LC optogenetic manipulation on motor activity or
motivation during the attentional task (38). Overall, these effects are
consistent with results obtained across species on the improvement
of attention and response inhibition by NET antagonists or NE receptor agonists (9) and demonstrate a causal involvement of LC
neuronal activity in these effects.
LC Neurons Control Goal-Directed Attention. An important aspect of
attentional control is the ability to selectively respond to stimuli
important for the task at hand and at the same time to ignore
irrelevant stimuli that induce distraction and response tendencies
potentially conflicting with current goals (39, 40). In order to assess the contribution of LC neurons to maintaining high levels of
attention in the presence of irrelevant stimuli (i.e., goal-directed
attention), we modified the two-choice task by presenting light
cues (turning on for 0.5 s) shortly before the appearance of target
stimuli (3 s duration; stimulus onset asynchrony = 0.5 s) (Fig. 3 A
and B, Movie S1). In this version of the two-choice task designed
after the Posner attentional cueing paradigm (41), the laser is
activated during the delay on every trial and the distracting cues
are presented on the response panel in a pseudorandomized
fashion either centrally (Neutral), on the same side (Valid), or on
the opposite side (Invalid) compared to target stimuli or are
omitted on a subset of trials (No-cue; Fig. 3A). Crucially, appearance of the distracting cues does not predict where the subsequent target stimuli will be presented. Therefore, although
paying attention to the cues might aid performance on a subset of
trials (i.e., Valid trials), the most efficient goal-directed strategy is
to ignore them while waiting for the target stimulus. In general, if
subjects direct their attentional focus to the location of the cues,
Valid cues will elicit faster RTs and increase correct responses,
whereas Invalid cues will cause slower RTs and decrease correct
responses (41).
As expected, ChR2– subjects were slower to respond on Invalid
trials as compared to Neutral trials (Fig. 3C; Friedman test, P <
0.0006). Although there was a main effect of trial type in ChR2+
mice (F3,24 = 3.72, P = 0.02), Dunnett’s post hoc test (Neutral cue as
reference variable) did not reveal any significant difference between
trial types. We then calculated the time taken by subjects to resolve
the conflict generated by Invalid cues (“Validity effect” = Invalid
Bari et al.
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Fig. 2. LC neurons activity modulates sustained attention and response inhibition. (A) Schematic representation of the two-choice task. (B) Single-trial
structure of the two-choice task (LH: limited hold). (C) Confocal tile scan of a histological sample of a bilateral optic fiber implant (dashed lines) placed just
above the LC. (Scale bar, 500 μm.) (D) Strategy for the optogenetic stimulation of LC neurons in ChR2 mice. Effect of LC stimulation on correct responses (E),
premature responses (F), and RTs (G) in ChR2 mice (ChR2+, blue bars, n = 11; ChR2–, gray bars, n = 9). (H) Strategy for the optogenetic inhibition of LC neurons
in Arch mice. Effect of LC inhibition on correct responses (I), premature responses (J), and RTs (K) in Arch mice (Arch+, green bars; n = 9; Arch–, gray bars, n =
7). Data are presented as the mean of three sessions (150 trials/subject); Two-way RM ANOVA followed by Sidak post hoc test. Effect of laser: n.s., not
significant; *P < 0.05; **P < 0.005; ***P < 0.0001.

trials RTs – Valid trials RTs). Laser activation decreased the RT
Validity effect in ChR2+ compared to ChR2– subjects (Fig. 3D;
t16 = 2. 4, P = 0.02). In both Arch– and Arch+ mice, RTs were
significantly affected by trial type compared to the Neutral cue
condition (Fig. 3E; Arch–: F3,24 = 13.64, P < 0.0001; Arch+: F3,21 =
23.26, P < 0.0001), whereas the RT Validity effect in Arch+ mice
was increased by laser activation compared to Arch– mice (Fig. 3F;
t15 = 2.44, P = 0.02). Compared to Neutral cues, Invalid cues
decreased correct responses in ChR2– mice (Fig. 3G; F3,24 = 23.5,
P < 0.0001). In ChR2+ mice, there was a significant main effect of
trial type on correct responses (Fig. 3G; Friedman test = 7.83, P =
0.049), which did not survive after correction for multiple comparisons. In Arch mice, correct responses were significantly affected by trial type (Fig. 3I; Arch–: F3,24 = 19.69, P < 0.0001;
Arch+: F3,21 = 36.01, P < 0.0001).
To investigate how Valid and Invalid trials affect response
accuracy, we calculated the Validity effect on the relative proportion of correct responses in these trials (% correct on Valid
trials – % correct on Invalid trials). Correct responses were less
affected by Valid and Invalid cues in ChR2+ mice as compared
to ChR2– mice (Fig. 3H; t16 = 4.85, P = 0.0002), while they were
more affected by Valid and Invalid cues in Arch+ mice compared to Arch– mice (Fig. 3J; t15 = 4.21, P = 0.0008). There were
no effects of trial type on premature or omitted responses in any
of the groups (SI Appendix, Fig. S3 A–D). Taken together, these
results indicate that activation of LC neurons allows the subjects to ignore irrelevant cues (i.e., decreases distractibility) by
increasing goal-directed (top-down) attention. On the other
hand, LC inhibition increases stimulus-driven (bottom-up)
Bari et al.

attention, thus making the subjects more distracted by irrelevant
information.
LC Calcium Activity Reflects a Trade-Off between Top-Down and
Bottom-Up Attention. To assess whether the results obtained by the

artificial optogenetic manipulation apply to physiologically occurring phenomena, we optically recorded calcium transients in LC
neurons during performance in the cued version of the two-choice
task. To this end, NETCre mice were crossed with Ai95 reporter
mice (42) to target expression of the fluorescent calcium indicator
GCaMP6f specifically to NET+ neurons, and the resulting doubletransgenic mice were implanted with optic fibers above the LC for
FP recordings (Fig. 4 A and B). In the recordings from these mice,
auditory stimuli resulted in phasic calcium transients, which are the
typical response of LC neurons to sensory stimulation (Fig. 4C).
Data obtained from four mice (600 trials) were divided
according to trial outcome (correct, incorrect, and premature responses), and correct responses were further segregated by trial
type (Neutral, Valid, and Invalid; Fig. 4E). No-cue trials and the
limited hold (LH) period were not used in order to facilitate data
analysis. Calcium activity was aligned to stimulus onset for the
analysis of spontaneous LC activity during the second half of the
delay period (3 s, gray shaded area; Fig. 4F) or for quantifying LC
response evoked by cues and target stimuli (peak activation during
a 0.5-s postevent window, orange and yellow shaded areas, respectively; Fig. 4F). The window of analysis for LC spontaneous
activity was chosen in order to minimize noise in the data caused
by the animals turning toward the response panel.
While there was no difference in LC spontaneous or evoked
activity when correct trials were divided according to trial type
PNAS | November 17, 2020 | vol. 117 | no. 46 | 29083
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Fig. 3. LC neurons control goal-directed attention. (A) Schematic representation of the four trial types in the cued version of the two-choice task (Movie S1).
(B) Timeline of events within a cued trial (LH: limited hold). (C) Effects of trial type on the RT of ChR2 mice. (D) Effect of laser stimulation on the RT Validity
effect (Invalid RTs – Valid RTs). (E) Effect of trial type on the RT of Arch mice. (F) Effect of laser stimulation on the RT Validity effect in Arch mice. (G) Effect of
trial type on the proportion of correct responses in ChR2 mice. (H) Effect of laser stimulation on the Validity effect of response accuracy (Valid % correct –
Invalid % correct) in ChR2 mice. (I) Effect of trial type on correct responses in Arch mice. (J) Effect of laser activation on the Validity effect of response accuracy
in Arch mice. Data are expressed as averages of six sessions (300 trials/subject) ± SEM. ChR2–, ChR2+, and Arch–: n = 9, Arch+: n = 8. RM ANOVA followed by
Dunnett post hoc test (or the equivalent nonparametric Friedman test followed by Dunn post hoc test) with Neutral trials (empty bars) as the reference
variable (C, E, G, I). Paired t tests (D, F, H, J) are two-tailed. Lasers were activated on every trial. Effect of trial type (C, E, G, I) or genotype (D, F, H, J): *P < 0.05;
**P < 0.005; ***P < 0.0005.

(SI Appendix, Fig. S4 A–D), LC neurons displayed higher spontaneous activity during the delay on correct trials compared to
incorrect trials (Fig. 4G; t3 = 4.35, P = 0.02) or compared to
omitted trials (SI Appendix, Fig. S4E). LC calcium activity on
correct trials was higher compared to premature trials during the
delay (Fig. 4H; t3 = 7.02, P = 0.005) and in response to the cue
(Fig. 4I; t3 = 4.43, P = 0.02), but not to the stimulus (SI Appendix,
Fig. S4 I and J).
In order to assess whether LC activity during the delay predicts
attentional performance on the three trial types, we further
subdivided correct responses in “Fast” and “Slow” by median
split of the RTs for each animal/session. There was no difference
in LC spontaneous activity between Fast and Slow Neutral trials
(Fig. 4J; t3 = 0.4, n.s.), while it was higher in Valid Slow compared to Valid Fast trials (Fig. 4K; t3 = 4.13, P = 0.02) and in
Invalid Fast compared to Invalid Slow trials (Fig. 4L; t3 = 3.66,
P = 0.03). These results indicate that, when LC activity is relatively higher during the delay period, animals are less distracted
by the cues since their RTs do not display the typical decrease or
increase on Valid and Invalid trials, respectively.
Evoked LC calcium activity in response to target stimuli did
not differ between Fast and Slow Neutral trials (Fig. 4M; t3 =
0.76, n.s.), but it was higher on Slow Valid compared to Fast
Valid trials (Fig. 4N; t3 = 7.87, P = 0.004) and on Slow Invalid
compared to Fast Invalid trials (Fig. 4O; t3 = 5.17, P = 0.01).
These effects likely reflect the increased stimulus-evoked response of LC neurons on trials where the target stimulus did not
appear at the expected location (independently of trial type),
thus resulting in slower RTs.
29084 | www.pnas.org/cgi/doi/10.1073/pnas.2015635117

In summary, in keeping with the effects of the optogenetic
manipulations of LC neurons, we have found that correct responses are consistently preceded by higher LC activity as
compared to all other trial outcomes (i.e., incorrect, premature,
or omitted responses). These results show that LC spontaneous
activity is positively related to goal-directed attention, whereas
the activity evoked by target stimuli might reflect the shift between bottom-up and top-down attention when prior expectations are violated (43).
LC Activity Modulates Distractibility and Impulsivity Elicited by
Irrelevant Stimuli via Dissociable Coeruleo-Cortical Projections. In an

attempt to further define the role of LC neurons in attentional
control, we sought to dissociate the effects of LC optogenetic
manipulation on attention and response inhibition. To this end, we
modified the two-choice task by adding distracting lights during the
delay between the beginning of the trial and the animals’ response
to target stimuli (Fig. 5 A and B). Trials with or without distractors
were interleaved pseudorandomly as were trials with or without
laser activation. As expected, we found that distractors significantly
impaired performance by decreasing accuracy, increasing premature responses, and shortening RTs in all groups of animals.
LC neurons stimulation in ChR2+ mice increased correct
responses and decreased premature responses (SI Appendix, Fig.
S5 E and F) independently of distractors. There was no effect of
LC stimulation on RT (SI Appendix, Fig. S5G). On the contrary,
LC inhibition in Arch+ mice decreased correct responses only in
trials with distractors (SI Appendix, Fig. S5I) and increased
premature responses in all trials (SI Appendix, Fig. S5J) with no
Bari et al.
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Fig. 4. LC calcium activity reflects a trade-off between top-down and bottom-up attention. (A) Approach used for FP recordings of LC calcium activity. (B)
Confocal tile scan showing optic fiber placement (Left; scale bar, 500 μm) and GCaMP6f expression in LC neurons (Right; Scale bar, 100 μm). (C) Representative
FP traces of LC recordings during white-noise stimulation (Left; scale bar, 10 s × 5% ΔF/F) and FP traces aligned to 1 s white noise stimuli (Right; 144 trial, four
mice; scale bar, 1% ΔF/F). (D) Strategy for the recording of calcium transients in Ai95 x NETCre mice during the cued version of the two-choice task. (E) Trial
types used in the cued version of the two-choice task during FP recordings. (F) Peri-event histogram showing LC calcium activity during correct trials segregated by trial type and aligned to target stimuli for the analysis of spontaneous (gray, 4 s) or evoked (orange and yellow, 0.5 s) LC activity. (G) Comparison of
LC spontaneous activity between correct and incorrect trials. (H) Comparison of LC spontaneous activity between correct and premature trials. (I) Comparison
of LC activity evoked by cues during correct and premature trials. LC spontaneous activity divided by Fast and Slow trials during Neutral (J), Valid (K), or Invalid
(L) trial types. LC activity evoked by target stimuli divided by Fast and Slow trials during Neutral (M), Valid (N), or Invalid (O) trial types. (n = 4 mice; 150 trials/
subject). Correct trials do not include premature trials (– prem) except in G. Data are expressed as mean ± SEM of n = 4 mice. Box and whiskers plots represent
the five-number summary. TW: time window analyzed (in seconds). Paired t tests are two-tailed. n.s., not significant; *P < 0.05; **P < 0.005.

effect on RTs (SI Appendix, Fig. S5K). There was no effect of laser
activation on any of the control animals (SI Appendix, Fig. S6 A–F).
Taken together, these results suggest that LC neuronal activity is
crucially involved in both selective attention and response inhibition.
Next, to selectively investigate the differential role of LC NE
release in PFC subregions in attention and response inhibition,
we trained animals on the version of the two-choice task with
distractors, as it can best differentiate between attentional and
inhibitory processes (SI Appendix, Fig. S5). Then, in order to
robustly express ChR2 in LC terminals, we injected DBHCre
mice with AAV5-Ef1α-DIO-ChR2 (E123A)-eYFP (or its control
version; SI Appendix, Fig. S7) in the proximity of LC neurons
(Fig. 5 C–F) and implanted them with optic fibers targeting the
dmPFC (Fig. 5G) or the vlOFC (Fig. 5K). Stimulation of LC
Bari et al.

terminals at 5 Hz in the dmPFC during the delay preceding the
appearance of the target stimulus increased correct responses only
in trials with distractors compared to Laser Off trials (Fig. 5H; laser
x distractors: F1,6 = 50.96, P = 0.0004; laser: F1,6 = 8.61, P = 0.02;
distractors: F1,6 = 60.39, P = 0.0002), but it did not affect premature
responses (Fig. 5I; laser x distractors: F1,6 = 0.46, n.s.; laser: F1,6 =
3.11, n.s.; distractors: F1,6 = 25.43, P = 0.002). RTs were significantly
affected by LC terminal stimulation in dmPFC only in trials with
distractors (Fig. 5J; laser x distractors: F1,6 = 16.67, P = 0.006; laser:
F1,6 = 0.15, n.s.; distractors: F1,6 = 23.54, P = 0.002). Stimulation of
LC terminals in vlOFC had no effect on correct responses (Fig. 5L;
laser x distractors: F1,7 = 0.01, n.s.; laser: F1,7 = 0.05, n.s.; distractors:
F1,7 = 68.16, P < 0.0001), but decreased premature responses independently of distractors (Fig. 5M; laser x distractors: F1,7 = 1.8,
PNAS | November 17, 2020 | vol. 117 | no. 46 | 29085

Fig. 5. Dissociable roles of divergent coeruleo-cortical projections in attentional control. (A) Schematic representation of the modified version of the of the
two-choice task with distractors on a subset of trials. (B) Single-trial structure of the task. (C) Approach used for the expression of ChR2 in coeruleo-cortical
terminals and their stimulation (5 Hz). (D) Confocal tile scan showing ChR2-eYFP (green) expression in LC neurons. (Scale bar, 500 μm.) (E) Magnified view of
LC neurons expressing ChR2. (Scale bar, 50 μm.) (F) Histological samples showing LC terminals (NET; red) expressing ChR2 (eYFP; green) in the dmPFC (Left) and
the vlOFC (Right). (G) Histological sample showing optic fiber placement (dashed lines) in the dmPFC (solid line). (Scale bar, 400 μm.) Effect of LC terminal
stimulation in the dmPFC (n = 7) on correct responses (H), premature responses (I), and RTs (J). (K) Histological sample showing optic fiber placement (dashed
lines) in vlOFC (solid line). (Scale bar, 400 μm.) Effect of LC terminal stimulation in vlOFC (n = 8) on correct responses (L), premature responses (M), and RTs (N).
Data are presented as the mean of three sessions (150 trials/subject). Two-way RM ANOVA followed by Sidak post hoc test. AP: anterior-posterior coordinates.
Effects of laser: n.s., not significant; *P < 0.05; **P < 0.005; ***P < 0.0005.
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n.s.; laser: F1,7 = 57.15, P = 0.0001; distractors: F1,7 = 369.4, P <
0.0001). There were no effects of LC terminal stimulation in vlOFC
on RTs (Fig. 5N; laser x distractors: F1,7 = 1.25, n.s.; laser: F1,7 = 0.3,
n.s.; distractors: F1,7 = 9.58, P = 0.01). These results suggest that LC
modulation of attentional control is doubly dissociable in its
downstream PFC targets.
Discussion
The LC/NE system has long been recognized to modulate attentional processes (12, 28, 31). However, a causal link between
LC/NE neuronal activity and the attentional control of behavior,
although inferred, has been difficult to demonstrate directly.
Here we have applied behavioral, optogenetic, and neural circuit
genetic techniques, which afford a high degree of temporal and
cell-type specificity, for the manipulation and recording of noradrenergic neuron activity in the LC and demonstrate a causal
link between temporal-specific LC/NE modulation and attentional control. We show that optognetic activation of LC/NE
neurons improves attention and response inhibition by decreasing distractibility, while their inactivation elicits the opposite
effect. Consistent with these results, our calcium-based photometric recordings suggest that LC/NE neuronal activity controls
the trade-off between goal-directed (top-down) and stimulusdriven (bottom-up) attention. Moreover, our results reveal that
the attentional control of behavior is modulated by the synergistic effects of two dissociable coeruleo-cortical pathways, with
LC projections to dmPFC enhancing attention and LC projections to vlOFC reducing impulsivity.
29086 | www.pnas.org/cgi/doi/10.1073/pnas.2015635117

Optogenetic techniques allow the perturbation of genetically
defined neuronal populations, and their effects are fully reversible, thus representing an ideal method for the study of cognition
using trial-based operant tasks (25).
Here we initially used a double-transgenic approach to the
optogenetic targeting of LC neurons (Fig. 1A) because it allows a
less invasive and more homogeneous long-term expression of
transgenes compared to virus-assisted opsin delivery (44). On the
other hand, one potential limitation to the anatomical specificity
of the double-transgenic approach is that a subset of medullary
NE neurons outside of the LC also expresses opsins and could be
affected by our optogenetic manipulation via their processes in the
peri-coerulear space—a problem shared with the use of viral
vectors, which could be taken up by non-LC NE fibers in the PFC.
Although we cannot completely rule out that our optogenetic
approach does not affect non-LC NE neurons, a few observations
make us confident about the anatomical specificity of our approach: 1) our double-transgenic approach is based on the NET
promoter, which is very specific for the LC/NE system as compared to other NE nuclei (45) and compared to other often-used
catecholaminergic promoters (46, 47); 2) we have not observed
any of the effects expected by the stimulation of medullary NE
neurons such as those related to food intake (SI Appendix, Fig.
S2B) or spontaneous locomotor activity (Fig. 1K) (48, 49); and 3)
LC projections to the PFC do not express visible levels of opsins in
our double-transgenic animals (hence the use of a virus-mediated
approach when targeting LC projections there; see below), and a
similar absence of GFP immunofluorescence can be seen lateral to
Bari et al.

LC/NE Neuron Stimulation Improves Attention and Impulsivity. Previous studies have shown that increasing NE in forebrain areas by
blocking its reuptake improves sustained attention and response inhibition (58–62). However, pharmacological strategies aimed at blocking NET strongly decrease the LC
neuron spontaneous firing rate (17, 18) due to local autoinhibition. Thus, it is not clear how LC neuron activity affects
performance during cognitive tasks. The results of the present study indicate that LC/NE stimulation during a task of
sustained attention (Fig. 2 A and B) with a short target
stimulus (0.5 s) significantly improves attentional control by
increasing response accuracy and decreasing premature responses (Fig. 2 E and F), which are widely used laboratory
measures of attention and response inhibition, respectively
(38). Conversely, silencing LC neurons specifically during the
delay before the appearance of the target stimulus impaired
attention and response inhibition (Fig. 2 I and J). Importantly, none of the LC optogenetic manipulations altered
measures of response speed (Fig. 2 G and K) or motivation
for the food reward (SI Appendix, Fig. S2 B and D) during the
attentional task.
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LC/NE Neuron Activation Improve Attentional Control by Decreasing
Distractibility. Attentional control is fundamental for the selec-

tion of information relevant for current plans and goals (39, 63).
However, it is not clear how the mammalian nervous system
flexibly switches between prioritizing and ignoring distinct types
of information. Here, we devised a version of the Posner attentional cueing task (41) adapted to be used in rodents (Fig. 3 A
and B, Movie S1). We found that activation of LC neurons is
necessary and sufficient for directing attention to goal-relevant
information while ignoring irrelevant cues (Fig. 3 C, D, G, and
H). Conversely, upon inhibition of LC neuronal activity, animal
responses were affected more by the irrelevant cues than by the
rules of the task, displaying a pattern of behavior suggestive of
increased stimulus-driven attention (Fig. 3 E, F, I, and J). Consistent with our results, one study has found decreased accuracy
(but no effects on impulsivity) in response to distractors after
forebrain NE depletion (64).
By recording calcium activity in the LC of freely moving animals, we confirmed that the effects that we observed following
optogenetic manipulations of LC neurons are also relevant when
the LC/NE system is not artificially perturbed. We found that
spontaneous LC activity was consistently higher during the delay
period preceding correct responses, while lower activity preceded wrong or premature responses (Fig. 4 G and H). LC
neuronal activity during the delay period was inversely related to
distractibility, which can be inferred from fast responses on
validly cued trials and slow responses on invalidly cued ones
(Fig. 4 K and L). Since we did not find any difference in tonic LC
Bari et al.

activity between fast and slow Neutral trials (Fig. 4J), it is unlikely that our results are merely due to a generalized increase in
arousal (65).
Stimulus-evoked LC calcium activity was higher for slow responses to target stimuli in both Valid and Invalid trials, but not
in Neutral ones (Fig. 4 M–O). While Neutral cues are devoid of
spatial information, both Valid and Invalid cues generate some
expectation regarding the location of the upcoming stimulus.
Therefore, slower responses in these spatially cued trial types
likely reflect the extra time needed for the animals to shift attention to the unattended location when their expectations are
violated. Higher stimulus-evoked activity in these slower trials
may thus signal prediction errors that cause the fast reorienting
toward unexpected sources of information (66, 67). These results
strongly suggest that, whereas spontaneous LC activity controls
the trade-off between stimulus-driven and goal-directed attention, LC activation by salient stimuli reflects the accuracy of the
animals’ prior expectations and promotes a shift of the attentional focus toward relevant sources of information when such
expectations are violated.
Dissociable Effects of LC/NE Projections to the PFC on Attentional
Control. Previous research has shown that distinct PFC subre-

gions of the primate brain are differentially involved in attentional control processes (5, 9, 68–70). Moreover, noradrenergic
modulation of PFC neurons is thought to affect different cognitive processes in a region-specific manner (71, 72). Based on
this evidence, we asked whether the effects of LC neural activity
on the two main behavioral components of attentional control,
namely attention and response inhibition, can be dissociated at
the level of LC projection targets.
To investigate the potential differential contribution of LC
neurons to measures of attention and response inhibition, we
used a version of the two-choice task with distractors presented
on a subset of trials (SI Appendix, Fig. S5 A and B). We first
confirmed that both attention and response inhibition are impaired by the presentation of distractors and that both measures are similarly improved by LC optogenetic stimulation and
impaired by its inhibition (SI Appendix, Fig. S5 D–K). On the
other hand, we found that stimulation of LC terminals in
dmPFC specifically improved measures of attention with no
effects on response inhibition (Fig. 5 G–J), whereas stimulation of LC terminals in vlOFC significantly improved response
inhibition without affecting attention (Fig. 5 K–N). We also
found that stimulation of LC terminals in the dmPFC in trials
with distractors increases RTs (Fig. 5J). This latter effect
might be due to the extra time needed for the successful discrimination of the target stimuli among distractors. Taken
together, these results reveal a double dissociation of the effects of NE release in PFC subregions on separate aspects of
attentional control.
In summary, our results demonstrate a fundamental causal
role of LC neuronal activation in the implementation of attentional control by the selective modulation of neural activity in its
target areas. These findings are especially relevant for our understanding of pathological states where cognitive impairments
are known to be critically contributed by NE imbalance. The
results reported above may help to devise treatment avenues for
these diseases.
Materials and Methods
Methods of mouse generation, surgery, immunohistochemistry, optogenetics, behavior, fiber photometry, electrophysiology, and statistical
analysis are described in SI Appendix, SI Materials and Methods. Animal
experiments were performed in accordance with NIH guidelines and the
Massachusetts Institute of Technology Department of Comparative Medicine and Committee on Animal Care. Materials requests may be submitted
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the LC where fibers of the medullary NE neurons are present
(e.g., compare Fig. 1A with Fig. 5E).
Our stimulation protocol causes LC neurons to increase their
firing rate up to ∼5 Hz over 7 s of laser activation (Fig. 1 B–D
and SI Appendix, Fig. S1 B and C), which could be best described
as a transient high tonic activity (31). Importantly, we did not
observe any change in locomotor activity caused by LC optogenetic stimulation (Fig. 1K), but we found reduced anxiety-like
behavior (Fig. 1 L and N), in contrast to the conclusions of
some previous studies using similar levels of LC optogenetic
stimulation (50, 51). Although unexpected, these findings are
consistent with other reports which found that increasing LC
output has anxiolytic effects, while decreasing it results in
anxiety-like behavior (52–57). Moreover, since anxiety is known
to impair attentional control (34), our results are consistent
with the improved attention and response inhibition by LC
stimulation discussed below.

to tonegawa@mit.edu; all reasonable requests will be granted through a
materials transfer agreement.
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