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Visual attention enables filtering of irrelevant stimuli and focus on information that is most pertinent to survival. While the locus
coeruleus-noradrenaline (LC-NA) system is recognized as crucial in this process, the role of temporally structured NA signaling in
visual attentional performance remains unsettled. Here, by using the genetically encoded NA sensor GRABe»p, together with fiber
photometry in mice, we identify sub-second NA release signatures in the medial prefrontal cortex (mPFC) that correlate with visual
attention accuracy in the rodent Continuous Performance Test (rCPT). The dual-peak release signatures were time-locked to correct,
rewarded responses, preceded by a ramp-up after stimulus presentation and followed by a decline at reward collection. No such
sighatures accompanied misses, correct rejections and mistakes. Similar, albeit less pronounced, patterns were observed in the

lateral hypothalamus (LH). Activation of the Gg-coupled DREADD (Designer Receptors Exclusively Activated by Designer Drugs)

hM3DGq expressed in LC neurons dose-dependently increased tonic NA levels in both mPFC and LH, while simultaneously
distorting phasic NA signatures and impairing rCPT performance without affecting locomotor activity. Summarized our data
suggest that NA enhances alertness to reward-associated stimuli through precise, dynamic release patterns underscoring its role in

modulating attentional performance beyond tonic signaling.

Neuropsychopharmacology; https://doi.org/10.1038/541386-026-02404-3

INTRODUCTION

To ensure survival both humans and animals must continuously
adapt to changes in the environment and take appropriate
actions. This process requires allocation of mental resources to
focus on certain aspects of the surroundings while ignoring
others. Substantial evidence highlights a central role of the locus
coeruleus (LC) [1-3], a nucleus in the pons that serves as the
primary source of noradrenaline (NA) [2, 3]. This nucleus provides
extensive innervations throughout the brain, delivering NA to
regions involved in attention, arousal, decision-making, motor
control, and stress responses, [3-12]. Overall, the NA network is
believed to maintain the balance between filtering out irrelevant
information and prioritizing relevant cues, thereby influencing
cognitive functions [6, 13-15]. Prior work shows that both
insufficient and excessive NA disrupt top-down control and
attention [4, 5, 16-20], which has led to the suggestion of an
inverted U-shaped relationship where both too low and too high
levels of NA are associated with impaired cognitive performance
(1, 5, 12, 17, 21, 22]. This balance is critical in neuropsychiatric
disorders such as attention-deficit hyperactivity disorder (ADHD),
where dysregulated NA transmission is assumed to contribute to
inattention and impulsivity [23, 24]. Importantly, ADHD first-line
treatment involves psychostimulants, such as amphetamines or
methylphenidate, that increase catecholamine levels via their
interactions with the NA and dopamine transporters [25-27].

The neuronal projections from LC to the medial prefrontal
cortex (mPFC) are thought to play a specific role in modulating
attention and impulse control [28-30], with the prelimbic medial
PFC (PrL mPFC) implicated in sustained attention and behavioral
flexibility [31-33]. While the effect of NA depletion via pharma-
cological interventions or lesions has been extensively studied
[30, 34-36], it remains unclear how NA release is temporally
structured in the PrL mPFC during attentional performance and to
what extent the performance depends on precisely timed, task-
locked (phasic) NA release as opposed to elevated overall (tonic)
NA levels [37]. Moreover, the precise nature of neural coordination
between the LC and the mPFC remains poorly understood.
Interestingly, optogenetic manipulations recently showed that LC
stimulation enhances goal-directed attention, whereas inhibition
increases distraction and impulsivity [38]. In addition, recent
electrophysiological investigations, as well as two-photon fluor-
escent imaging experiments, have hinted further at the impor-
tance of coordinated neural activity within the LC-prelimbic cortex
circuit for optimal attentional performance [11, 371, but how such
LC activity patterns translate into NA release dynamics during task
performance remains largely unknown.

A limitation in understanding the precise role of NA in
attentional processes has been the lack of tools capable of
capturing real-time NA dynamics and at the same time manipulat-
ing them in a temporal manner in freely moving animals. To
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address this, we employ the recently developed, genetically
encoded NA biosensor GRABye (G-protein-coupled receptor
activation-based NA) sensor [39, 40] in combination with fiber
photometry and Designer Receptors Exclusively Activated by
Designer Drugs (DREADDs) [41, 42]. This enabled direct assessment
in mice of NA release in mPFC, with and without chemogenetic LC
activation, during the rodent Continuous Performance Test (rCPT),
a learned visual attentional task proposed as a translational
paradigm for comparative studies between humans and rodents
[24, 37, 43-45]. As a subcortical control, we also included
measurements in the lateral hypothalamus (LH). Summarized, our
findings both reinforce the role of tonic NA levels in attentional
regulation and establish a direct link between the precise temporal
structure of NA release and visual attentional performance.

METHODS

Mice

Male adult TH-Cre™” C57BL/6 J mice were generated by Dr. Ted Dawson at
Johns Hopkins University [46], and were maintained heterozygous by
breeding in house with female C57BI6N mice, supplied from Charles River.
Previous work showed that TH-Cre mice exhibit preserved catecholami-
nergic homeostasis and behavior [47]. All procedures were approved and
carried out in accordance with the guidelines of the Danish Animal
Experimentation Inspectorate (permission number: 2017-15-0201-01160).
See Supplemental Methods for details.

Stereotactic surgeries

Mice (TH-Cre and wildtype (WT) control) were anesthetized using
isoflurane and stereotactically injected with adeno-associated virus (AAV)
encoding the Gg-coupled DREADD hM3DGq (AAV-hSyn-hM3D(Gq)-
mCherry); Addgene viral prep (#50474-AAV8) and/or GRAByean (AAV9-
hSyn-GRABNe2n) received as a gift from Dr. Yulong Li, Peking University. For
expression of hM3DGgq, virus was injected bilaterally in LC above, below
and at the target coordinates (AP: -5.4 mm; ML: +/-0.9 mm; DV: -3.75 mm).
For expression of GRAByg,n, Virus was unilaterally (balanced groups of mice
for left and right hemisphere) into PrL mPFC and LH above, below and at
the target coordinates (mPFC: AP: 2.10 mm; ML: +/-0.27 mm; DV: -2.30 mm;
LH: AP: -1.34 mm, ML: +/-1.10 mm, DV: -4.90 mm). Optic fiber cannulas
(MBF Europe B.V., Netherlands) with 1.25 mm ferrule diameter, 200 um
fiber core diameter, and 5 mm (for LH) or 2.5 mm (for mPFC) length, were
implanted at the target region. See Supplemental Methods for details.

Behavioral tests
All behavioral tests were performed by experimenters blinded to
genotypes and in case of drug testing blinded to injected doses.

Open field test. A minimum of three weeks after surgery, mice were
individually placed in the middle of a custom-made 50 x 50 x 40 cm white
arena and allowed to explore for 45 min before i.p. injection followed by
60 min further exploration. Mice were tested in a cross-over design with
2 mg/kg CNO and vehicle over two days. Tracking and subsequent analysis
were performed using EthoVision XT (Noldus).

Rodent continuous performance test (rCPT). The rCPT training was
performed with food-restricted mice in touchscreen operant chambers
(Campden Instruments, UK). In brief, mice learned to respond to a rewarded
target (S+) image and to withhold from responding to non-target stimuli
(S-). Recordings were done with ABET Il (Campden Instruments) and
WhiskerServer software (Cambridge University Technical Services, UK). Mice
were trained as indicated through stages 1-4 with gradually increasing
complexity using stage-specific criteria adjusted after [43] (Supplementary
Table S1). During the training stages, mice were tested daily (5 out of
7 weekdays) for 30 min. A mouse was considered having met criteria in
Stage 3 and Stage 4 when reaching a d’ parameter > 1 for two consecutive
days. Once a mouse reached the criterium, it was trained once a week to
maintain optimal performance. See Supplemental Methods for details.

Fiber photometry
Fiber photometric recordings were performed with a Neurophotometrics
FP3002 system during the open-field test and selected parts of rCPT using
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the open-source software Bonsai [48]. Cannula implants of mice were
attached to multi branching fiber optic patch cords (Doric Lenses, 200 um,
NA 0.37) with white or bronze mating sleeves (Thorlabs ADAL 4-5). Each
channel was recorded at 20 Hz (GRABngzn, 470 nm channel; isosbestic
signal, 415 nm channel). Raw fluorescence measurements were prepro-
cessed by first subtracting the isosbestic signal from the GRAByg,, signal
followed by calculating zF of the resulting signal with the equation zF = (F-
Ug)/0F, (UF = mean value of the fluorescence and or = standard deviation
of the fluorescence signal over the baseline period) [49]. The rCPT
behavioral data were synchronized to photometry data via TTL time
stamps from the operant chambers. See Supplemental Methods for details.

Immunohistochemistry

Mouse brains were transcardially perfused, fixed and sectioned on a
cryostat. Resulting coronal sections (40 pm) were immunolabeled with
anti-TH antibody (MAB388, Milliprobe; 1:1000), anti-mCherry antibody
(ThermoFisher 16D7; 1:2000) and/or anti-GFP antibody (ab13970, Abcam;
1:500) followed by labeling with Alexa Fluor 488 goat anti-mouse
secondary antibody (1:400; Abcam), Alexa Fluor 568 goat anti-rat
secondary antibody (1:400; Abcam) or Alexa Fluor 647 goat anti-chicken
secondary antibody (1:400; Abcam). Brain sections were imaged on a Zeiss
Axio Scan Z1 slide scanner.

Statistical analysis

Choice of statistical analysis is presented in the legends associated with
each figure. Calculations were carried out using GraphPad Prism 10.
Multiple comparisons were corrected for using Tukey’s (rCPT) or Sidak's
(OFT) tests for post-hoc ANOVA testing. For all analyses, the significance
level was set at 0.05, and all behavioral data are presented as the
mean =+ SD. Photometric data are presented as mean with 95% confidence
interval (Cl).

RESULTS

Experimental strategy to assess noradrenergic signaling
dynamics in mPFC and LH

To investigate NA release dynamics, we unilaterally expressed
GRAB\g2n in prelimbic (Prl) mPFC and in LH of TH (tyrosine
hydroxylase)-Cre mice and wildtype (WT) mice (Fig. 1A). The LH is,
like mPFC, innervated by LC-NA projections and releases NA
during stress-related events [50, 51]. Importantly, the LH has been
used as a model region to monitor and validate NA release with
NA biosensors including GRABye,, [40]. We also injected the mice
bilaterally in the LC with Cre-dependent Gg-coupled DREADD
(hM3DGq) [41, 42] to enable LC-targeted chemogenetic activation
in TH-Cre mice (Fig. 1A). Histological verification confirmed strong
mCherry expression within the TH-rich LC region; however, some
mCherry signal was also observed in peri-LC areas and not all
TH+LC neurons showed detectable mCherry (Supplementary
Fig. STA-B). A WT (Cre-negative) control processed in parallel
showed TH labeling of the LC but no detectable mCherry signal
(Supplementary Fig. S1C). Expression of both hM3DGq (Fig. 1A,
left; TH in green, mCherry in red) and the biosensor GRAByg»p, in
mPFC (Fig. 1A, top right) and LH (Fig. 1A, bottom right) were
verified after all experiments. At least three weeks after surgery,
GRAB\g2n fluorescence was recorded through implanted fiber
optic cannulae in an open field arena, with and without prior
intraperitoneal (i.p.) administration of the DREADD agonist CNO
(clozapine N-oxide) [52] (Fig. 1B). Next, all mice were trained in the
rCPT involving four different stages of increasing difficulty [43]
(Fig. 1B). NA dynamics were photometrically recorded in the first
and the last session of each stage. In stage 3, the mice were tested
with three different doses of CNO and a vehicle, injected in two
replications of a Latin Square Design (Fig. 1B).

Open-field behavior validates chemogenetic LC activation and
confirms intact locomotor function

Photometric recordings of both TH-Cre and WT mice during
habituation in the open-field arena (Fig. 2A) revealed a stable
fluorescent signal from the sensor expressed in mPFC and LH

Neuropsychopharmacology
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Fig. 1 Experimental strategy. A Left, Schematic of viral injections designed to express the excitatory Gg-DREADD bilaterally in LC,
accompanied by an axioscan image at 10x magnification of a LC slice immunostained against TH (green) and mCherry (red). Right Schematic
viral injections designed to express GRABygzn Unilaterally in mPFC or LH, accompanied by an axioscan image of a mPFC and a LH brain slice
immunostained for TH (green) and GFP (purple). B Timeline of surgeries, open field testing and rCPT training stages and testing. Target and
non-target stimuli are indicated for each training stage. In stage 1, the mice learn to associate a screen touch, when a white image is
presented, with a reward presented together with sound- and light-cue. In stage 2, the mice learn to associate a specific target stimulus (black
horizontal lines on a white background) with reward. In stage 3, mice learn to discriminate between the target stimulus and an unrewarded
non-target stimulus presented in the same location, and in stage 4 they learn to discriminate between the target stimulus and 3 different
unrewarded non-target stimuli [43]. Arrows indicate when mice were photometrically recorded during training sessions.

(Fig. 2B). Upon administration of CNO (2 mg/kg, i.p.), the signal
exhibited a sustained increase persisting throughout the record-
ing period (representative traces in Fig. 2B). In both vehicle and
CNO injected mice, we observed at t=0 a peak in fluorescent
signal conceivably representing a stress response to the injection
(Fig. 2B). The increase upon CNO administration in both mPFC and
LH NA signals was consistent across TH-Cre animals while the
signal returned to baseline following CNO injection across WT
mice (Fig. 2C) and upon vehicle injection in both TH-Cre and WT
mice (Fig. 2C). However, it is difficult to compare photometry
signal magnitudes across regions and animals, because of
potential differences in sensor expression, small differences in
fiber placement, and local tissue properties.

Behavioral analysis revealed no differences in total distance
traveled, time moved (Fig. 2D, top) or the average velocity
between TH-Cre and WT mice (Fig. 2D, bottom left), showing that
CNO administration did not impair basic locomotor function.
However, the CNO-treated TH-Cre mice spent less time in the
center of the arena despite that overall gross movement patterns
were preserved (Fig. 2D, bottom right and 2E). This could be
indicative of elevated anxiety in the mice resulting from the
increased NA levels [53, 54] yet not to a degree that affected the
general activity of the mice.

Noradrenergic signaling dynamics in mPFC and LH

during rCPT

To study the NA signal during rCPT (Fig. 3A), recordings of both
brain regions were synchronized to the start of CPT testing
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(Fig. 3B) and time-locked to behavioral events during the task
(Fig. 3C, D). In the first session of Stage 1, when the mice needed
to associate a screen touch (hit) with reward, the mice expectedly
only made few hits (n =33). However, an initial signature time-
locked to hits was formed in mPFC, characterized by a modest rise
beginning prior to a hit and reaching maximum immediately after
the hit (Fig. 3Q). In the last session of Stage 1, when the mice had
learned the task and had many more hits, this increase in mPFC
became more defined with an apparent dual peak, the first of
which appeared to align with the hit (Fig. 30).

In Stage 2, where the mice need to recognize a patterned target
image (Fig. 3A) a signature in the mPFC developed already during
the first training session, with an apparent dual peak (as in Stage
1) followed by a rapid decline in the signal (not seen in Stage 1).
The signal decreased below baseline before returning slowly back
to baseline within ~5 s (Fig. 3C). In contrast, during the first session
of Stage 3, when mice were introduced to a non-target stimulus
and had to learn to withhold responding (Fig. 3A), the NA signal
appeared less structured (Fig. 3C). By the last session of Stage 3,
however, the signature in mPFC became essentially identical to
the one seen in last session of Stage 2 (Fig. 3C). The more diffuse
NA signature in the first session of Stage 3 might reflect initial
uncertainty caused by the introduction of the non-target stimulus
image, which also requires an updating of the learned action-
outcome association. In comparison, the cognitive demands
associated with the transition from Stage 1 to Stage 2 are likely
lower, as the change only involves switching from recognizing a
white screen to a patterned target image (Fig. 3A). The recordings

SPRINGER NATURE
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from the LH also showed event-locked increases in NA, but the
temporal structure was less defined and lacked the structured
dual-peak (Fig. 3C). This might reflect functional differences or
differences in LC-derived innervation density between the regions
but, as mentioned above, it is difficult to compare absolute
photometry amplitudes across regions due to e.g. differences in
sensor expression and small differences in fiber placement.

Only a subset of mice (n = 6) was further trained in Stage 4, as
the number of sessions required to reach the criterion of stage 4
markedly exceeded what we have experienced in previous
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experiments not involving fiber implants. However, the NA release
signatures were very similar to those seen in the last session of
stage 3 (Supplementary Fig. S2 and Fig. 4C). These observations
are consistent with the introduction of only marginal uncertainty
with the transition from Stage 3 to 4. We therefore decided to
focus on the fluorescent recordings in stage 3 where all mice had
reached the criterion.

We next aligned fluorescence signals during the last session of
Stage 3 to reward collection (Fig. 3D). This confirmed a NA
signature with a dual peak, with the first peak reaching maximal

Neuropsychopharmacology
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Fig. 2 Chemogenetic activation of LC results in increased NA release in mPFC and LH in the open field without affecting gross motor
functions. A Open field testing timeline. TH-Cre (n = 11) and wildtype (n = 13) mice were connected to photometry fibers and placed in the
arena for a 30-min baseline recording. After i.p. injection of 2 mg/kg CNO or vehicle, mice were recorded for another 30 min. B Representative
NA traces (zF) from mPFC (left, blue) and LH (right, orange) in TH-Cre mice, aligned to arena placement (time -30), showing 30 min baseline,
injection at time 0, and 30 min post-injection recordings for vehicle and 2 mg/kg CNO conditions. C Averaged NA signals (zF) in mPFC (top,
blue) and LH (bottom, orange) following vehicle and 2 mg/kg CNO (time 0). Signals are aligned to arena placement (time -30). Shaded areas
indicate 95% confidence intervals. D Open field test performance following vehicle or 2 mg/kg CNO i.p. (time 0) in TH-Cre (coral) and wildtype
(teal) mice. Measures include total distance, time moving, average velocity, and center time, shown as mean = SD. Sidak-adjusted p-values are
reported for within-genotype (vehicle vs. CNO) and between-genotype comparisons, based on two separate repeated-measures two-way
ANOVAs (p<0.05 (¥), p<0.01, p<0.001, p<0.0001). CNO significantly reduced center time (treatment x genotype: F (1, 22)=5.781,
p =0.0251). No significant effects were found for total distance (F (1, 22) = 0.0217, p = 0.8842), time moving (F (1, 22) = 2.070, p = 0.1643), or
velocity (F (1, 22) = 0.01795, p = 0.8946). Main effects of treatment and genotype were nonsignificant for all other measures. E Overlaid open
field locomotor trajectories (red) for TH-Cre (top row) and wildtype (bottom row) mice under vehicle (left) and 2 mg/kg CNO (right). TH-Cre

mice showed reduced center exploration after CNO, with no change in wildtype mice.

levels just before the reward collection and the second peak
reaching maximum essentially at reward collection. This was
followed by a rapid decline in signal as also seen when the signal
was aligned to hits (Fig. 3C and D). The changes in fluorescent
signals in the LH were similar to those in the mPFC although the
signal again was overall more diffuse (Fig. 3D). We also aligned the
signal to image presentation prior to a hit, which revealed that the
ramp-up of the fluorescent signal seen before the hit in both
mPFC and LH (Fig. 3C) occurred immediately after the mice were
exposed to the image (Fig. 3D), suggesting that NA release is
linked to stimulus evaluation and action preparation.

Finally, signals were aligned to misses (omission of a correct
target image), correct rejections (withholding response from non-
target image) and false alarms (responding incorrectly to a non-
target stimulus). Across these outcomes, we did not observe the
prominent, dual-peak hit-associated signature. Any differences,
particularly for false alarms, were small and associated with wide
95% confidence intervals, consistent with fewer trials in these
categories (Fig. 3D).

Chemogenetic activation promotes NA release and impairs
CPT performance

Chemogenetic activation by CNO administration in stage 3 trained
mice (Fig. 4A) caused in TH-Cre mice (n = 6) but not in WT control
mice (n =9) a dose-dependent and significant decrease in active
participation, quantified as the total hits and false alarms (Fig. 4B,
left). The decline in participation was further substantiated by
assessing participation dynamically over time as a rolling
performance of participation (Fig. 4C). In contrast, participation
under vehicle remained stable (Fig. 4C). In the TH-Cre mice, the
classical d' parameter (calculated as inverse cumulative distribu-
tion function [Z-score] of the hit rate and the false alarm rate
discrimination [43]) was also significantly and dose-dependently
decreased, while WT controls again showed no change (Fig. 4B,
right). In parallel, we recorded the NA fluorescence signal showing
a strong increase in fluorescence signals in both mPFC and LH of
TH-Cre mice, but not in WT mice (Fig. 4D). The increases observed
after injection of the lower doses (0.1 and 0.5 mg/kg) were more
modest yet still sustained throughout the session (Fig. 4D).

To further substantiate our findings, we investigated a cohort of
TH-Cre and WT control mice that were trained in the rCPT to fulfil
Stage 4 criteria [43] before they underwent surgery to express Gg-
DREADD bilaterally in the LC (Supplementary Fig. S3A and B). This
cohort was accordingly not photometrically recorded, and thus
any effects of sensor expression and fiber optical implants on
performance could be excluded. Similar to our findings for Stage
3, we observed in Stage 4 (Supplementary Fig. S3A and C) a dose-
dependent and significant decrease both in task engagement and
in the d’ parameter in TH-Cre mice expressing Gq-DREADD but not
in WT mice (Supplementary Fig. S3D). In the Variable Stimulus
Duration Probe Test (variable SD Test), designed to further
challenge attention and impulse control [43], we observed once
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again reduction in task participation in response to CNO
(Supplementary Fig. S3E).

In another experiment, we tested a cohort of TH-Cre and WT
mice injected with inhibitory Gi-DREADD [41, 42] bilaterally in the
LC (Supplementary Fig. S4A-D). However, despite the Gi-DREADD
being expressed in LC (Supplementary Fig. S4C), chemogenetic
inhibition with CNO affected neither attentional performance nor
the d’ parameter in the rCPT (Supplementary Fig. S4E).

Elevated NA levels disrupt and blunt temporal structure of hit-
associated NA signature

Finally, we investigated how elevated NA levels following
chemogenetic activation of LC neurons influenced the temporal
structure of NA signaling during the rCPT (Fig. 5). These
photometry analyses were performed in the chemogenetic cohort
(TH-Cre, n=6). When analyzing the data after vehicle injection,
the hit-associated NA signature in mPFC described above (Fig. 3C,
last session of stage 3) was overall preserved also in this data set
(Fig. 5B). However, the dip succeeding the dual peak was reduced
(Fig. 5B). Because the only difference between the two data sets
was the vehicle injection, we suspected a prolonged effect of the
injection. Indeed, this was supported by evaluating fluorescence
signals from the mPFC recorded in rCPT before, during and after
the Latin Square, with and without injections (Supplementary
Fig. 5A). In sessions with vehicle injections (Supplementary Fig. S5A
and C), the NA release signature showed a shallower dip following
the dual peak when compared to sessions in stage 3 without any
prior injection (Supplementary Fig. S5B and D). We therefore used
the NA release signature after vehicle injection (Fig. 5B) as
reference.

The data obtained after CNO injection was analyzed in two
separate intervals: from rCPT start to minute 5 (early interval
before the full effect of CNO), and from minute 5 to the end of the
rCPT session (late interval when CNO expectably exerted its
maximal effect) (Fig. 5A). During the early interval, the NA
signature was, as would be expected, discernable, although some
blurring was apparent (Fig. 5C, left). In contrast, the NA release
signature during the late interval became dose-dependently
blurred with the characteristic dual-peak structure largely absent
at the higher doses (Fig. 5C, right). In the LH, we observed a
comparable time-dependent blunting of the hit-associated NA
signature (Supplementary Fig. S6).

DISCUSSION

NA is known as an important neuromodulator of arousal and
cognitive performance [10, 12, 55]. A classical theory is the
inverted U-shaped relationship that has been proposed to exist
between the overall NA tone and attentional performance, with
either insufficient or excessive NA levels resulting in reduced to
fully impaired performance [17, 21, 22]. Based on electrophysio-
logical recording of LC neurons, Aston-Jones et al. [1] specifically
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Fig. 3 Assessment of NA dynamics in mPFC and LH during CPT training (Stages 1-3) reveals release signatures time-locked to hits and
reward. A Top: Overview of Stages 1-3 with timepoints of first and last recorded sessions. Bottom: Detailed testing timelines for each session.
B Representative GRABNE2h (NA) traces (zF) from mPFC (blue) and LH (orange) during a Stage 3 training session, aligned to rCPT onset (time
0) with 10-min baseline. C Averaged NA signals (zF) across mice (n = 20), aligned to hits in the first and last sessions of Stages 1-3 (Stage 1 first
session: n = 8). Left: mPFC (blue, shaded 95% Cl); Right: LH (orange, shaded 95% Cl). Dual peak in mPFC is marked in Stage 1 last session. Trial
counts (number of hits) shown per plot. D Averaged NA signals in the final Stage 3 session, aligned to reward collection, miss, correct
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in each plot. For C and D, event-aligned traces are within-animal trial averages computed across many trials per condition (trial counts
indicated in each plot).
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Fig. 4 Chemogenetic activation of LC promotes NA release in mPFC and LH and results in a dose-dependent decrease in rCPT
performance in Stage 3. A Left: Timeline for Stage 3 testing and photometry. Mice received vehicle or CNO (0.1, 0.5, or 2 mg/kg) i.p., were
placed in the CPT chamber after 5 min, and began the task following a 5-min habituation. Right: Illustration of Stage 3 target (S +) and non-
target (S-) stimuli. B Behavioral performance of TH-Cre (coral, n = 6) and wildtype (teal, n = 9) mice. Left: Participation (Trials responded (hits +
false alarms); Right: Discriminability (d’) . Data are mean = SD. Two-way ANOVA with Tukey’s test (p <0.05, p<0.01, p <0.001, p <0.0001)
showed effects of dose (d: F (3, 39) =2.85, p=0.0496; participation: F (1.83, 23.85) = 5.47, p =0.0128), genotype (d: F (1, 13)=11.51,
p = 0.0048; participation: F (1, 13) =30.99, p < 0.0001), and dose x genotype interactions (d: p = 0.008; participation: p = 0.0304). Genotype
differences were significant at all doses; within TH-Cre mice, d’ differed between vehicle and 0.5 mg/kg (p = 0.0150) and 2 mg/kg (p = 0.0017).
C Cumulative participation across the 30-min CPT in TH-Cre mice (5-min bins; whenever a hit is performed, 1 is added; when a mistake is
performed, 1 is subtracted), thereby integrating performance over many trials across the session. Responding reduced with increasing CNO
dose. Shaded areas: SD. D NA fiber photometry (zF) in mPFC and LH, aligned to task onset (0 min; injection at -5 min). CNO induced a dose-
dependent increase in TH-Cre mice not seen in wildtypes. Colors: vehicle (green), 0.1 mg/kg (blue), 0.5 mg/kg (orange), 2 mg/kg (red). Shaded
areas: 95% Cl.

linked optimal attentional performance to intermediate tonic LC breakthrough in our ability to measure NA release [39, 40]. By
activity and phasic, target-specific LC responses [1]. Consistently, combining viral expression of these sensors in desired target
by directly assessing NA release, we show here data substantiating regions with fiber photometry, fast release dynamics can now be
that attentional performance both depends on a balanced tonic monitored over extended periods [39, 40, 49]. Importantly, the
NA tone [17, 22] and on the temporal precision and task-aligned GRAByNE2n, sensor was validated to reliably detect rapid NA
dynamics of NA on a sub-second time scale. Indeed, the rise in changes in vivo including within the LH [40]. We therefore
tonic NA and concomitant blurring of phasic signatures upon employed this sensor to investigate NA release dynamics during
chemogenetic activation of LC agree with the Aston-Jones the rodent continuous performance task (rCPT), a learned task
inverted U-shape model that describes a shift from phasic to which is designed to assess attentional performance in mice while
tonic mode at high NA levels accompanied by impairment of being translational to CPT performance in humans [43, 44]. We
attentional performance [1]. Interestingly, reduced phasic LC expressed the sensor in LH and mPFC, and during our subsequent
responsiveness was seen also under CRF-increased tonic firing, fiber photometry experiments in the rCPT, we observed the
suggesting that tonic-phasic tradeoffs may reflect an intrinsic development of NA release signatures in both regions associated
physiological property of the LC rather than being specific to with rewarded responses. The signatures exhibited a more defined
attention tasks [56]. temporal structure and were more prominent in the mPFC

Until recently, it was not feasible to capture real-time NA release compared to the LH. This might reflect region-specific functions
dynamics on a fast time scale. The development of new with the mPFC playing a central role in sustaining attention and
genetically encoded NA sensors therefore represented a top-down cognitive control [12, 55] and the LH being more
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Fig. 5 Chemogenetic activation of the LC causes dose- and time-dependent blunting of the hit-associated NA release signature in
the mPFC. A Representative mPFC NA signal (zF) aligned to rCPT start (time 0) in a TH-Cre mouse expressing hM3DGgq, following CNO (2 mg/
kg) injection. Red dots mark hit events. The vertical dashed line indicates the 5-min division used to segment each session into an early (rCPT
Start to minute 5) and a late (minute 5 to rCPT End) interval. B Hit-aligned mPFC NA signal (zF) in TH-Cre mice (n = 6) under vehicle condition,
serving as a reference NA release signature. C Hit-aligned mPFC NA signals in TH-Cre mice (n = 6), separated by interval. Early Interval (left
column): The peak structure is still preserved, especially at lower doses. Late interval (right column): Responses are increasingly blunted, with
the characteristic dual-peak largely absent, particularly at 0.5 and 2 mg/kg CNO. Shaded areas: 95% Cl. Number of hits per condition shown in

each plot.

broadly involved in arousal, stress, and motivational states [51, 57].
In this context, it is interesting that NA innervation of LH arises
largely outside the LC [58-60], indicating that LC neurons are
particularly responsive to task-related stimuli.

SPRINGER NATURE

The signature associated with rewarded correct responses (hits)
in the mPFC was characterized by a sharp increase upon target
image presentation followed by an apparent dual peak. While the
first of these occurred at the touch of the screen upon image
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presentation, the second occurred when the mouse entered the
reward tray for reward collection. Notably, the signature signal
became more refined with training stage progression, yet less
pronounced when uncertainty was introduced (e.g. going from
Stage 2 to 3), altogether suggesting a learning-dependent shaping
of the NA response. Importantly, there was no detectable
signature associated with misses, correct rejections and false
alarms (mistakes). The distinct shape of the hit-associated
signature, and its refinement upon learning, suggest a critical
role of temporally controlled NA release in attentional perfor-
mance. Specifically, it is plausible to suggest that the signature -
peaking before and dropping at reward collection - encodes a
reward expectation that serves to promote task action and
thereby optimizes test performance. The signature might also
facilitate feedback integration, enhancing alertness to learned,
reward-predictive stimuli and supporting more accurate stimulus
discrimination. These interpretations align with a recent study
using a graded auditory stimulus task, which proposed that LC-NA
activity dynamics during learned behavior can facilitate task
execution as well as encode reinforcement to improve perfor-
mance [11]. It also aligns with data showing that optogenetic LC
stimulations before the appearance of the target stimulus in a
“two choice” task increased correct responses and decreased
premature responses [38]. An alternative but not mutually
exclusive interpretation is that the release signature reflects the
salience of reward-prediction cues and action-outcome events
[11, 40, 61, 62]. It might also be considered that the sharp decline
around reward collection reflects transient suppression of LC-NA
activity during consummatory behavior [61]. However, our animals
were food-restricted, and the operant reward context differs from
natural feeding behavior. Another lingering question is which
inputs shape LC output during the rCPT. Interestingly, prefrontal
regions send descending projections to the LC and can exert
excitatory influence on LC neurons, providing a plausible route by
which task demands, and outcome feedback could bias LC state
and NA release timing [5, 63-65]. In line with this idea, recent work
in the rCPT suggests that selective engagement of a mPFC to LC
circuit can modulate attentional performance [66].

Chemogenetic hM3DGg-based LC activation with CNO caused a
clear, dose-dependent increase in tonic NA levels in both mPFC
and LH of the TH-Cre mice but not in WT control mice. Of note, a
previous study observed similar profound increases in overall NA
levels upon chemogenetic stimulation of LC neurons [67]. These
rather dramatic effects seen even at low concentration of CNO are
rarely quantified in DREADD activation experiments but important
to bear in mind when concluding from chemogenetic studies with
overexpression of Gg-based DREADDs particularly when inter-
preting eg. inverted-U and adaptive gain models of LC-NA
function. In addition, particularly at high CNO doses, the sustained
LC activation could cause co-release of neuropeptides such as
galanin [68]. It also is possible that the NA levels even exceed
natural arousal responses; however, if the NA release peak in
response to the injection (t=0, Figs. 2B, C and 4D) can be
considered a natural stress response (yet unlikely a maximum
response), the NA levels seen for 0.1 mg/kg CNO are clearly
physiological. We should moreover note that expression of
hM3DGq appeared not to be fully confined to TH + LC neurons
and extending into peri-LC areas (Supplementary Fig. S1); there-
fore, the behavioral effects of CNO might not be exclusively
attributed to activation of LC-NA neurons. However, the GRABye
recordings directly demonstrated a robust, dose-dependent
elevation of tonic NA after CNO administration in TH-Cre mice,
whereas WT (Cre-negative) control mice showed no detectable
reporter expression and no comparable CNO-induced NA changes
or behavioral phenotype. This argues against nonspecific CNO
effects and shows that increased NA tone is a verified
consequence of the manipulation and likely a major contributing
factor to the observed phenotype.
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Our detected increases in NA release were accompanied by a
marked decrease in attentional performance even at the lowest
CNO dose (0.1 mg/kg) with decreased d’ parameter and overall
decreased task participation. As stated above, this appears
consistent with the theory of an inverted U-shaped relationship
where too high tonic levels impair performance [17, 19, 22]. Our
data widen this framework by showing that the impairment in
task performance, and hence visual attention, also was paralleled
by blurring of the characteristic and hit-associated NA signature
pattern in the mPFC, supporting the conceivable importance of
fast-scale NA release dynamics for attentional performance. We
should note, however, a reduction in task participation upon
chemogenetic LC activation was seen before in a patch-foraging
task [69]. Changes in d’ should therefore be interpreted cautiously,
as reduced engagement can lower hit rates and thereby reduce d’
even if discrimination accuracy is not selectively impaired. Hence,
our findings at higher CNO doses might relate to reduced goal-
directed attentional engagement rather than a selective attention
deficit. Finally, the increase in NA in both the mPFC and LH reflects
global chemogenetic LC activation and a subsequent widespread
NA release across the entire brain. Thus, we cannot exclude
possible roles of NA release dynamics in other brain regions than
LH and mPFC.

Although chemogenetic LC-NA activation caused substantial
increases in NA levels, we observed no changes in basic locomotor
parameters, supporting that the impaired performance in
response to LC-NA activation is not the result of disrupted motor
functions or even sedation. We have no immediate explanation for
previous findings indicating decreased motor activity upon
chemogenetic LC-NA activation [70, 71]. We did observe, however,
that the mice spent less time in the center zone of the open field
arena, which is indicative of anxiety-like behavior [53, 54] and
consistent with previous observations showing that elevated NA
levels can elicit this phenotype [57, 70, 72]. Nonetheless, in our
experiments, the open-field arena was a novel and potentially
anxiogenic context compared to the rCPT chambers with which
the mice were highly familiar after repeated exposure throughout
the study.

In summary, our findings suggest that LC-mediated NA release
in the mPFC and LH, as well as possibly in other brain regions,
conveys behaviorally relevant information through dynamic, time-
locked signaling patterns that are synchronized with attentional
and goal-directed behaviors. The results substantiate thereby a
key role of sub-second NA release dynamics in attentional
behavior and set the stage for future investigations of how these
dynamics might be altered in cognitive disorders, such as ADHD
and depression [12, 73, 74]. Furthermore, they open avenues for
exploring how such alterations might be pharmacologically
mitigated.

DATA AVAILABILITY
The raw data that support the findings of this study are available from the
corresponding author upon request.
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