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N E U R O S C I E N C E

Frontal noradrenergic and cholinergic transients exhibit 
distinct spatiotemporal dynamics during 
competitive decision-making
Hongli Wang1†, Heather K. Ortega1†, Emma B. Kelly2,3, Jonathan Indajang3, Neil K. Savalia1,3,4, 
Samira Glaeser-Khan2, Jiesi Feng5, Yulong Li5,6,7,8, Alfred P. Kaye2,9,10, Alex C. Kwan2,3,11*

Norepinephrine (NE) and acetylcholine (ACh) are crucial for learning and decision-making. In the cortex, NE and 
ACh are released transiently at specific sites along neuromodulatory axons, but how the spatiotemporal patterns 
of NE and ACh signaling link to behavioral events is unknown. Here, we use two-photon microscopy to visualize 
neuromodulatory signals in the premotor cortex (medial M2) as mice engage in a competitive matching pennies 
game. Spatially, NE signals are more segregated with choice and outcome encoded at distinct locations, whereas 
ACh signals can multiplex and reflect different behavioral correlates at the same site. Temporally, task-driven NE 
transients were more synchronized and peaked earlier than ACh transients. To test functional relevance, we stimu-
lated neuromodulatory signals using optogenetics to find that NE, but not ACh, increases the animals’ propensity 
to explore alternate options. Together, the results reveal distinct subcellular spatiotemporal patterns of ACh and 
NE transients during decision-making in mice.

INTRODUCTION
Neuromodulators including acetylcholine (ACh) and norepineph-
rine (NE) play pivotal roles in various behavioral functions (1–3). 
One function associated with central cholinergic tone is arousal and 
vigilance (4), which relate to sensory sensitivity and selective atten-
tion (5, 6). These functions are supported by many experiments that 
manipulated cholinergic signaling using pharmacology, lesions, and 
optogenetics (7–12). Classically, perceptual effects are associated 
with slow fluctuation of ACh levels, although recent evidence indi-
cates control can also occur at more rapid timing (10, 13, 14). Relat-
edly, NE has also been implicated in arousal and vigilance (15, 16), 
and improved sensitivity to sensory cues (17). This is possibly 
achieved by NE elevating the signal-to-noise ratio and/or gain in 
neural networks (18, 19). The neuromodulatory effects on behavior, 
such as those exerted by NE, exhibit an inverted U-shaped curve 
(20). Activity of cortical cholinergic and noradrenergic axons cor-
relates well with pupil diameter, which is an indicator of the arousal 
level of an animal (21).

In addition to arousal and vigilance, it is established that ACh 
and NE may be important for learning and decision-making (22–
27). For instance, cholinergic neurons in the basal forebrain exhibit 
fast and transient increase in spiking activity after primary rein-
forcements including rewards and punishments (28, 29). In support, 

optogenetic activation of cortical cholinergic axons could substitute 
for actual rewards in associative learning (30). Memory deficits have 
been observed when cholinergic transmission was abolished in ani-
mals (11, 31). NE may be similarly crucial for learning and decision-
making because a loss of adrenergic receptors in the prefrontal 
cortex contributes to the memory loss in aged animals (32, 33). More 
specifically, locus coeruleus (LC) neurons fire at specific epochs dur-
ing decision tasks (34) and may be sensitive to reward values (35). 
These firing changes in cholinergic or noradrenergic nuclei likely 
lead to altered phasic release of neuromodulators that have been ob-
served in the cortex (36). Therefore, growing evidence indicate func-
tions of ACh and NE signaling in higher cognitive functions.

The neuromodulatory ACh and NE signals come from different 
sources and have distinct projection patterns. The main source of 
ACh in the neocortex comes from the basal forebrain. The axonal 
projections are organized topographically (37–39) and exhibit rich 
spatiotemporal dynamics across regions (40). By contrast, a major 
source of NE is LC, which sends axons to innervate much of the 
forebrain, although with some exceptions, such as the basal ganglia 
(41,  42). Each LC neuron projects broadly to many brain regions 
(43, 44) with a high divergence of >20,000 terminals (45), although 
emerging evidence has indicated modularity in efferent projection 
patterns and function emanating from subpopulations of LC neu-
rons (46, 47).

Despite the large body of literature showing that ACh and NE are 
associated with multiple behavioral functions, act at multiple times-
cales, and arise from distinct sources, less is known about the fine 
spatial pattern of the neuromodulatory signal at micrometer-scale 
resolution within a cortical region. We know that ACh and NE con-
centrations must vary in space at the subcellular scale (48–52). This is 
because the neuromodulators are released at their respective axonal 
fiber terminals. Levels of ACh and NE would be highest transiently 
after release at the terminals and then diffuse, and the concentration 
falls precipitously as a function of distance. The spatial extent of the 
signaling is localized further due to expression of proteins such as 
acetylcholinesterase that quickly eliminate the neuromodulators in 
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extracellular space. We also know that this micrometer-scale spatial 
distribution of local hotspots of ACh and NE transients in space is 
likely crucial to the function of cortical microcircuits because the 
neuromodulators influence subcellular compartments via short- and 
long-term synaptic plasticity (53–55). However, the fine spatial pat-
terns for ACh and NE signaling in vivo, particularly during behavior, 
are unclear. For these reasons, we hypothesize that the spatiotempo-
ral dynamics of the localized ACh and NE signaling in the frontal 
cortex may relate to decision-related variables to facilitate reinforce-
ment learning during decision-making.

In this study, we test the hypothesis by leveraging the latest gen-
eration of genetically encoded fluorescent indicators of ACh (56) and 
NE (57, 58), which permit sensitive and spatially resolved imaging of 
neuromodulatory signals. We trained head-fixed mice to play a com-
petitive game called matching pennies against a computer opponent 
(59). The matching pennies game requires reward-based learning and 
has been used extensively to study the role of the frontal cortex in 
decision-making (60–63). In the mouse secondary motor cortex (me-
dial M2, the dorsal most aspect of the medial frontal cortex), we 
found that, although both NE and ACh transients encoded the same 
set of task-related variables on a trial-by-trial basis, their spatiotem-
poral dynamics are different. NE at a location would encode often 

only one decision variable, whereas ACh at one site tends to multiplex 
and be driven by different behavioral events. To determine behavioral 
relevance, we activate cholinergic or noradrenergic fibers in the 
secondary motor cortex using optogenetics to show that increased NE 
availability selectively promotes exploration during decision-making.

RESULTS
Head-fixed mice play matching pennies against a 
computer opponent
Matching pennies is a competitive game that involves social and stra-
tegic decision-making (64,  65). We previously developed a behav-
ioral paradigm for head-fixed, fluid-restricted mice to play matching 
pennies against a computer opponent and characterized the behav-
ioral performance in detail (59). Briefly, in this iterated version of 
matching pennies, for each trial, the animal and the computer chose 
simultaneously the left or right option (Fig. 1A). Outcome was deter-
mined by a payoff matrix: If the mouse chose the same option as the 
computer, the mouse received a water reward; otherwise, there was 
no reward (Fig. 1B). The computer opponent was programmed to 
predict the animal’s upcoming choice using the choice and outcome 
history over the session (see Materials and Methods). On the basis of 
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Fig. 1. Head-fixed mice play matching pennies against a computer opponent. (A) Schematic of the competitive game. Head-fixed mouse licks left or right spout to 
indicate left or right choices. A computer tracks the animal’s previous choices and outcomes and chooses the side that the mouse is less likely to pick. (B) Payoff matrix of 
the game. The mouse receives a water reward only if it and the computer choose the same action in a trial. (C) Each trial, a sound cue signals the start of a response win-
dow. The first lick emitted by the animal within the window is logged as the response for that trial, and the outcome is delivered immediately based on the payoff matrix. 
A random ITI follows the outcome. (D) Example session in which the mouse performed at a 50.3% reward rate. Top: The mouse’s choices and outcomes. Bottom: The 
computer’s choices. Blue and red bars indicate right and left choices, respectively. Black bars indicate rewards. (E) Schematic of the injection site. (F) Summary from 38 
GRABNE2h (green) and 47 GRABACh3.0 (yellow) sessions. Left: The average number of trials performed each session. Middle: The average entropy of three-choice sequences. 
Right: The average reward rate. (G) Post hoc wide-field fluorescence image of GRABNE2h- and GRABACh3.0-expressing neurons, immunostained with an anti-GFP antibody, 
in the medial M2 region of the frontal cortex.
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the prediction, the computer aimed to provide competitive pressure 
by selecting the option that the mouse is less likely to pick. At the 
beginning of each trial, a 0.2-s, 5-kHz sound cue was played to initiate 
a 2-s response window, during which the mouse could indicate its 
choice by licking either the left or right spout with its tongue (Fig. 
1C). On the basis of the choices of the animal and the computer, a 
water reward might be delivered at the chosen spout according to the 
payoff matrix. A random intertrial interval (ITI) was presented to 
suppress precue licks, which would be prolonged if the animal emitted 
one or more licks during the interval (see Materials and Methods).

In preparation for characterizing noradrenergic and cholinergic 
transients, adult C57BL/6J mice were injected with AAV9-hSyn-
GRABNE2h or AAV9-CaMKII-GRABACh3.0 to express genetically en-
coded fluorescent indicators of NE (57,  58) and ACh (56) in the 
medial secondary motor cortex (M2), which is the dorsal most as-
pect of the mouse medial frontal cortex (Fig. 1E). Although the sec-
ondary motor cortex includes lateral portion as well, for simplicity, 
here we will use M2 to specifically refer to this medial portion in the 
remaining text. We focused on M2 because of its role in action selec-
tion during flexible decision-making (66–71). Headplate and cranial 
glass window were implanted to enable head fixation and cellular-
resolution optical imaging. Animals were trained to reach a stable 
performance of >40% reward rate for three consecutive sessions. The 
Nash equilibrium of matching pennies suggests that the optimal play 
is a mixed strategy: Players should choose left and right with equal 
probabilities, which would yield a 50% reward rate in the long run. 
After extensive training, the expert animals made choices with a high 
degree of stochasticity in a session (Fig. 1D). This contrasts with 
early sessions when naïve animals were more preservative, choosing 
with lower entropy, fewer switches, and higher number of miss trials, 
and consequently exploited by the computer opponent to yield a 
lower reward rate (fig. S1). The performance metrics stabilized in 
later sessions as the mice became proficient (fig. S1), indicating that 
expert animals used a more consistent strategy to play the game.

In total, the dataset involving two-photon imaging during match-
ing pennies included 47 sessions from five expert animals expressing 
GRABACh3.0 and 38 sessions from four expert animals expressing 
GRABNE2h. On average, animals expressing GRABNE2h and GRA-
BACh3.0 sensors performed 550 ± 25 and 459 ± 17 trials per session, 
respectively (means ± SEM, P = 0.7 × 10−3, Wilcoxon rank sum test, 
FDR_BH adjusted; Fig. 1F). Both groups exhibited a high level of 
stochasticity in choice behavior, exemplified by the mean entropy 
values of 2.93 ± 0.01 and 2.91 ± 0.01 for the NE and ACh groups 
(P = 0.3, Wilcoxon rank sum test, FDR_BH adjusted). Accordingly, 
the animals received reward rates of 46.2  ±  0.5 and 46.2  ±  0.5% 
(P = 1.0, Wilcoxon rank sum test, FDR_BH adjusted), which were 
near but lower than the optimal reward rate of 50% (P = 8.0 × 10−7 
for NE, n = 4 mice, 38 sessions; P = 9.0 × 10−6 for ACh, n = 5 mice, 
47 sessions; Wilcoxon rank sum test, FDR_BH adjusted). Post hoc 
histology showed the spatial extent of the GRABNE2h and GRA-
BACh3.0 expression in the medial frontal cortex, encompassing me-
dial portion of M2 and a small part of Cg1 (Fig. 1G). Together, these 
results showed that animals undergoing two-photon imaging can 
play matching pennies at an expert level.

Visualizing frontal cortical NE and ACh transients using 
genetically encoded fluorescent indicators
We used a two-photon microscope to record fluorescence signals 
from GRABNE2h and GRABACh3.0 sensors at a depth of 100 to 150 μm 

below the dura (Fig. 2A). The fluorescence signals were diffuse across 
the field of view (FOV) (Fig. 2, B and C), presumably because the 
sensors express densely in cell bodies and neuropils. There were typ-
ically several dark areas in an FOV, which were likely blood vessels 
and capillaries. Because of the diffuse signal, we divided the FOV in 
an unbiased manner by using an evenly spaced grid of 28 × 28 
regions of interest (ROIs). Each ROI had an area of 4.46 μm by 
4.46 μm. We tested several coarser and finer grid spacings and found 
that it did not affect the conclusions of the subsequent analyses.

We performed three experiments to confirm that the fluorescence 
signals arising from GRABNE2h and GRABACh3.0 sensors reflect NE 
and ACh transients in the medial frontal cortex. One, we recorded 
auditory evoked response because previous studies showed that both 
noradrenergic neurons in LC and cholinergic neurons in basal fore-
brain respond to auditory stimuli, particularly unfamiliar and unex-
pected cues (42, 72). Presentation of 4-kHz, 50-ms auditory cues led 
to a sharp-rising fluorescent transient from animals that expressed 
GRABNE2h or GRABACh3.0 sensor with similar temporal dynamics 
(median time-to-peak, P = 0.7, Wilcoxon rank sum test; median de-
cay time, P = 0.2, Wilcoxon rank sum test; NE: n = 7 mice, seven 
sessions; ACh: n = 5 mice, nine sessions; Fig. 2, D to F). Two, cortical 
cholinergic and noradrenergic axonal activities are correlated with 
pupillary fluctuations (21). We measured spontaneous fluctuations 
in pupil diameter while imaging GRABNE2h and GRABACh3.0 signals 
in M2 (Fig. 2G). As expected, periods of pupil dilation corresponded 
roughly to periods of elevated fluorescence signals (Fig. 2H). Collat-
ing data from all ROIs across all FOVs, pupil size and fluorescence 
signals were positively correlated in most ROIs for both GRABNE2h 
and GRABACh3.0 (Fig. 2I). Three, we recorded fluorescence signals 
from the frontal cortex using GRABNE2h after administering desipra-
mine. Desipramine is an NE reuptake inhibitor (73), and thus we 
predicted larger fluorescence signals. The GRABNE2h signal was sig-
nificantly higher with desipramine than saline control (two-sample t 
tests with Bonferroni correction; saline: n = 3 mice, 59 ROIs; desip-
ramine: n = 3 mice, 51 ROIs; Fig. 2J), which were normalized to their 
first imaging frame to account for photobleaching. The application of 
desipramine also lowered the power of temporal fluctuations at low 
frequencies and reduced the spatial coherence of GRABNE2h across 
ROIs (two-sample t tests with Bonferroni correction; saline: n = 3 
mice, 59 ROIs; desipramine: n = 3 mice, 51 ROIs; Fig. 2, K and L). 
These results provided evidence that the fluorescence signals from 
GRABNE2h and GRABACh3.0 sensors acquired with two-photon mi-
croscopy reported fluctuations of NE and ACh levels in the medial 
frontal cortex.

Frontal cortical NE and ACh transients contain choice- and 
outcome-related signals
We imaged fluorescence signals to determine NE and ACh tran-
sients in M2 as mice played matching pennies against a computer 
opponent (Fig. 3A). We observed NE and ACh transients that dif-
fered for rewarded versus unrewarded trials and contralateral versus 
ipsilateral choices (Fig. 3B). The animals were trained extensively to 
have a stereotypical lick response; therefore, the results are similar 
whether the fluorescence signal was aligned to cue onset or lick on-
set (fig. S2). To determine more quantitatively how NE and ACh 
transients in all ROIs relate to behavioral events, we fitted a multiple 
linear regression model (see Materials and Methods) for each ROI to 
determine how its fluorescence signal may be explained by choices, 
outcomes, and reinforcers (choice-outcome interactions) of past 
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Fig. 2. Visualizing frontal cortical NE and ACh transients using genetically encoded fluorescent indicators. (A) Schematic of the imaging site. (B) Example FOV of 
GRABNE2h-expression in layer 2/3 of M2 imaged in vivo with two-photon microscopy. A 28 × 28 grid was used to divide the FOV into ROIs. (C) Similar to (B) for GRABACh3.0. 
(D) Schematic of setup to record auditory evoked response. A 4-kHz, 50-ms auditory stimulus was presented 200 times per session, with simultaneous two-photon imag-
ing. (E) Auditory evoked responses averaged across all ROIs and sessions for GRABNE2h (green) and GRABACh3.0 (yellow). Shading, 95% confidence interval. (F) Temporal 
parameters of the auditory evoked responses. Left: Median time-to-peak from cue time. GRABACh: 0.43 (0.18 to 0.53) s; GRABNE: 0.18 (0.18 to 0.45) s. Data are reported as 
median (25th to 75th percentile). P = 0.7, Wilcoxon rank sum test. Right: Median decay time. GRABNE: −0.01 (−0.04 to −0.01) s−1; GRABACh: −0.04 (−0.05 to −0.03) s−1. 
P = 0.2, Wilcoxon rank sum test. n.s., not significant. Circle, median. Thick bar, 25th and 75th percentiles. Thin bar, maximum and minimum values. (G) Schematic of setup 
to record pupil diameter. (H) Spontaneous pupil diameter in z-score (purple) and GRABNE2h (green) or GRABACh3.0 (yellow) signal from an example ROI. (I) Distributions of 
maximal coefficients in cross-correlation between pupil dilations and GRABNE2h (green) or GRABACh3.0 (yellow) signal. (J) GRABNE2h fluorescence signal averaged across 
ROIs following treatment with NE reuptake inhibitor desipramine (10 mg/kg, ip, green) or saline (cyan). Shading, 95% confidence intervals. Black dash, time points where 
P < 0.05, two-sample t tests with Bonferroni correction. (K) Power spectrum for GRABNE2h signals following desipramine (green) or saline (cyan). Shading, 95% confidence 
intervals. Black dash, time points where P < 0.05, two-sample t tests with Bonferroni correction. (L) Similar to (K) for spatial coherence.
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two, current, and next trials as well as recent reward rate and cumu-
lative reward sum in a session. The results revealed that NE and ACh 
transients in a sizable fraction of ROIs were modulated by choice, 
outcome, and reinforcer of the current trial (Fig. 3C; chi-square 
test; NE: n = 29,792 observations; ACh: n = 36,848 observations; 
against the hypothesized probability of P = 0.01). We noted several 

differences between NE and ACh. For choice, the ACh signal rose 
before the cue, whereas it was detected in NE only after the cue 
onset. This is consistent with our earlier finding that pupil-related 
arousal contained choice information prior to cue (59) and indicates 
that cortical ACh, but not NE, may be involved in the preparation of 
the upcoming action. There were also differences in the temporal 

Choice (c
n
) Outcome (r

n
) Reinforcer (x

n
 = c

n
 * r

n
)

Fr
ac
tio
n 
of

si
gn
ifi
ca
nt

R
O
Is
 (%

)

-2-1 0 1 2 3 4 5
Time from cue (s)

-3 -3-2-1 0 1 2 3 4 5
Time from cue (s)

0

70

0

70

-3-2-10 1 2 3 4 5
Time from cue (s)

Fr
ac
tio
n 
of

si
gn
ifi
ca
nt

R
O
Is
 (%

)

C

1E-100

1E-50

0.001
0.05
1

P value

c
n+1 c

n-1 c
n-2 r

n+1 r
n-1 r

n-2

c
n+1*rn+1 c

n-1*rn-1 c
n-2*rn-2

-3-2-1 0 1 2 3 4 5
Time from cue (s)

-3-2-1 0 1 2 3 4 5
Time from cue (s)

-3-2-1 0 1 2 3 4 5
Time from cue (s)

Fr
ac
tio
n 
of

si
gn
ifi
ca
nt

R
O
Is
 (%

)

0

70

Fr
ac
tio
n 
of

si
gn
ifi
ca
nt

R
O
Is
 (%

) 70

Fr
ac
tio
n 
of

si
gn
ifi
ca
nt

R
O
Is
 (%

) 70

Fr
ac
tio
n 
of

si
gn
ifi
ca
nt

R
O
Is
 (%

) 70

0

0

0

  r
n
MA
——

  r
n
Cum.

-3-2-1 0 1 2 3 4 5
Time from cue (s)

-3 -2 -1 0 1 2 3 4 5
Time from cue (s)

-3-2-1 0 1 2 3 4 5
Time from cue (s)

NE
ACh

1E-100

1E-50

0.001
0.05
1

P value

D

A
Reward & contralateral choice
No reward & contralateral choice

Reward & ipsilateral choice
No reward & ipsilateral choice

-2 0 2 4
Time from cue (s)

-2 0 2 4
Time from cue (s)

NE

NE

ACh

ACh

F

0.1

0.2

0.3

0.4

NE
ACh

F

0.1

0.2

0.3

0.4

B

∆F

∆F

Fig. 3. Frontal cortical NE and ACh transients contain choice- and outcome-related signals. (A) Schematic of the mouse playing matching pennies while NE or ACh 
transients were imaged using two-photon microscopy. (B) Trial-averaged fluorescence traces aligned to the cue onset for different subsets of trials. One example ROI was 
shown each for GRABNE2h (left) and GRABACh3.0 (right). Gray shading: 95% confidence interval. (C) Proportion of ROIs with significant regression coefficient for choice in the 
current trial cn, outcome in the current trial rn, and reinforcer (choice-outcome interaction) in the current trial xn in GRABNE2h (green) and GRABACh3.0 (yellow) data, deter-
mined by fitting a multiple linear regression model. Red shading indicates the P value from the chi-square test. (D) Fraction of ROIs with significant regression coefficient 
for choice in the next trial cn+1, choice in the previous trial cn−1, choice in the trial before the previous trial cn−2, outcome in the next trial rn+1, outcome in the previous 
trial rn−1, outcome in the trial before the previous trial rn−2, reinforcer in the next trial xn+1, reinforcer in the previous trial xn−1, reinforcer in the trial before the previous 
trial xn−2, recent reward rate rn

MA, calculated as a moving average over last 20 trials, and the cumulative reward rn
cum from start of session to current trial for GRABNE2h 

(green) and GRABACh3.0 (yellow) data determined from the same fit as (B). Red shading indicates the P value from the chi-square test.
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profiles of the outcome-related ACh and NE signals, which will be 
examined quantitatively in the next sections. To a lesser degree, ACh 
and NE levels in M2 were modulated by other behavioral predictors 
including previous choice, previous outcome, recent reward rate, 
and cumulative reward sum (Fig. 3D). This analysis showed that NE 
and ACh transients in M2 vary with decisions during the competi-
tive game. We tested whether switching (choose a different action 
from the one chosen last trial) was encoded by ACh and NE signals. 
A linear regression model revealed the representation for switching 
resembled that of choice (fig. S3), suggesting that encoding of 
switching, which correlated highly with choices, is an alternative in-
terpretation of the neural data.

To further examine the role of frontal cortical ACh and NE in 
reinforcement learning, we fitted the animal behavior to a reinforce-
ment learning model with choice kernel (59) and then computed 
how fluorescence signals may be related to latent variables in the 
model. The results showed some encoding in both NE and ACh ac-
tivity for latent variables associated with action selection (fig. S4). 
However, the number of ROIs with significant modulation was 
small, and there was no clear difference between the ACh and NE 
groups. Consequently, we did not pursue further analysis relating to 
the latent variables.

In addition, we noted that the choice and outcome signal might 
be related to licking behavior as animals lick differently in reward 
and no reward trials (fig. S5A). To assess how licking might influ-
ence the estimation of choice and outcome signals, we constructed a 
multiple linear regression model that included lick rate as an addi-
tional predictor (see Materials and Methods). The results showed a 
relatively small fraction of ROIs encoding licking, compared to 
choice and outcome signals (fig. S5, B and C). The inclusion of the 
lick predictor did not significantly change the fraction of choice- 
and outcome-related ROIs [NE group, choice-related ROIs, effect of 
lick: F(1,5846) = 0, P = 0.95; outcome-related ROIs, effect of lick: 
F(1,5846) = 0, P = 0.96; n = 4 mice, 38 sessions; ACh group, choice-
related ROIs, effect of lick: F(1,7268)  =  0.34, P  =  0.56; outcome-
related ROIs, effect of lick: F(1,7268) = 0.02, P = 0.88; n = 5 mice, 47 
sessions; mixed-effect analysis of variance (ANOVA)]. Although other 
aspects such as lick onset and lick offset could be additional perti-
nent factors, this first-pass analysis suggests that the licking behav-
ior was unlikely to affect subsequent analysis.

Spatial organization of the decision-related NE and 
ACh transients
A key advantage of two-photon imaging is to obtain micrometer-
scale maps of the ACh and NE signals (Fig. 4A). Averaging coeffi-
cients obtained from multiple linear regression across time suggested 
that fluorescent transients at different subcellular locations in M2 
were linked to behavioral variables differently (Fig. 4B). Figure 4C 
shows such analysis applied to one FOV, revealing heterogeneity in 
the spatial distribution of the task representations in the ACh and 
NE fluctuations. Across all sessions, we found that 81.9 and 83.3% of 
the ROIs had GRABNE2h and GRABACh3.0 transients that were mod-
ulated by at least one of the behavioral variables in the multiple linear 
regression model (Fig. 4D; see Materials and Methods). Focusing on 
the choice, outcome, and reinforcer in the current trial that consti-
tute the most predictive behavioral variables, 19.2 and 26.9% of the 
NE and ACh ROIs were significantly modulated by choice (Fig. 4E). 
Meanwhile, more locations encoded outcomes, encompassing 46.6 
and 60.6% of the ACh and NE ROIs. Last, a minority of 18.0 and 

9.9% of the NE and ACh ROIs were associated with reinforcer. A 
single ROI may be significantly modulated by more than one be-
havioral variable. This might happen because (i) locations represent 
behavioral variables with independent probabilities and overlap by 
chance or (ii) locations may preferentially have correlated represen-
tation of multiple behavioral variables. The second explanation was 
supported by statistical tests because the overlap of ROIs modulated 
by different behavioral variables occurred at a rate higher than 
chance for both ACh and NE (P = 0, P = 0, P = 0, for overlap be-
tween choice- and outcome-, choice- and reinforcer-, and outcome-
 and reinforcer-modulated ROIs, respectively; Pearson independent 
test; NE, n = 29,792 total observations; ACh, n = 36,848 total obser-
vations). The data were organized into a 2 × 2 contingency table 
(table S1).

To gain insight into the spatial integration of behaviorally rele-
vant ACh and NE signals, we calculated the conditional probabili-
ties that an ROI encoded one variable v1 given that it also encoded 
another variable v2 [Pr(v1|v2)]. A head-to-head comparison of these 
conditional probabilities between NE and ACh highlighted a sig-
nificantly higher degree of multiplexed coding of task information 
by ACh transients, as evident from the higher Pr(rn|cn), Pr(rn|xn), 
and Pr(cn|xn) values (P = 0.044, P = 0.034, and P = 0.030; median 
test; NE: n = 4 mice, 38 sessions; ACh: n = 5 mice, 47 sessions; Fig. 
4, F and G, and table S2). We did not detect a difference in Pr(cn|rn) 
(P = 0.864; median test. NE: n = 4 mice, 38 sessions; ACh: n = 5 
mice, 47 sessions; Fig. 4G). The Pr(xn|cn) and Pr(xn|rn) values were 
shown for completeness (P = 0.002 and P = 0.072; median test; NE: 
n = 4 mice, 38 sessions; ACh: n = 5 mice, 47 sessions; Fig. 4H), but 
they represented a small number of ROIs due to fewer locations en-
coding reinforcer. Together, frontal cortical ACh transients are more 
likely to multiplex task-related information, where NE transients 
encode behavioral events in a more spatially segregated manner.

Distinct temporal dynamics of the task-related NE and 
ACh signals
The most prominent behavioral readout linked to frontal cortical 
NE and ACh transients was outcome; therefore, we asked how the 
reward-related signals evolve over time at different locations. To un-
derstand the spatiotemporal dynamics, we used the regression coef-
ficient for outcome extracted for each ROI that was significantly 
modulated by outcome, based on the result in Fig. 4E (fig. S6, A and 
C). These traces were sorted using hierarchical clustering based on 
Pearson correlation (Fig. 5A). The correlation matrices of the sorted 
regression coefficients revealed two clusters of ROIs for NE and ACh 
(Fig. 5B). For group 1, which captured 92.4 and 93.4% of the ROIs 
for NE and ACh, respectively, the occurrence of a reward increased 
fluorescence signal (Fig. 5C). The temporal dynamics of NE and 
ACh signals differ because NE signals rose faster and were more 
temporally aligned than ACh as reflected by the shorter median 
time-to-peak and smaller variance of time-to-peak (P = 1.54 × 10−13 
and P = 0.002, respectively; Wilcoxon rank sum test; NE: n = 4 mice, 
38 sessions; ACh: n  =  5 mice, 47 sessions ROIs; Fig. 5D, left and 
middle, and table S3). The peak value of the regression coefficient 
was larger in NE than ACh (P = 0.003; Wilcoxon rank sum test; NE: 
n = 4 mice, 38 sessions; ACh: n = 5 mice, 47 sessions; Fig. 5F, right, 
and table S3), although this magnitude depended on experimental 
factors such as fluorophore expression level (74) and therefore 
should be interpreted with caution. For group 2, which only cap-
tured 7.6 and 6.6% of the ROIs for NE and ACh, respectively, the 
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Fig. 4. Spatial organization of the decision-related NE and ACh transients. (A) Example FOVs (same as Fig. 2, B and C) of GRABNE2h (top) and GRABACh3.0 (bottom) ex-
pression in layer 2/3 of M2. (B) Schematic illustrating the analysis: For each ROI in an FOV, the regression coefficients over t = −3 to 5 s was averaged and plotted in pseu-
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occurrence of a reward reduced fluorescence signal (Fig. 3E). There 
were similar differences in temporal dynamics for ROIs in group 2 as 
for those in group 1, except the difference in variance of time-to-
peak was not statistically significant (median time-to-peak, P  = 
1.43 × 10−4; variance time-to-peak, P = 0.108; median peak-value, 
P = 0.002; Wilcoxon rank sum test; NE: n = 4 mice, 38 sessions; 
ACh: n = 5 mice, 47 sessions; Fig. 5F and table S3).

We clustered the ROIs based on their regression coefficient for 
outcome, but what about the choice-related signals, given that there 
is spatially correlated encoding of behavioral variables? We plotted 
the subset of ROIs with significant choice encoding, on the condi-
tion that these ROIs were significantly modulated by outcome, using 

the same grouping and sorted ranking (Fig. 5, G and I, and fig. S6, 
B and D). The timing of the choice-related ACh and NE signals was 
also different: the choice-related NE signals emerged earlier and 
were more synchronized than ACh (group 1: median time-to-peak, 
P = 1.06 × 10−7; variance time-to-peak, P = 0.003; median peak-
value, P = 3.53 × 10−14; group 2: median time-to-peak, P = 0.022; 
variance time-to-peak, P = 0.001; median peak-value, P = 1.88 × 
10−7; NE: n = 4 mice, 38 sessions; ACh: n = 5 mice, 47 sessions; 
Wilcoxon rank sum test; Fig. 5, H and J, and table S3). Notably, the 
sign of the regression coefficients for choice was opposite for NE 
and ACh. Although choice led to elevations of both NE and ACh in 
M2, NE was preferentially driven by ipsilateral choice whereas ACh 
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was more responsive to contralateral choice (Fig. 5H). To provide a 
more complete picture, we also show the ACh and NE signals in 
ROIs that were choice- and outcome-related (fig. S6, E and G) or 
only choice-related (fig. S6, F and H). These results reveal that 
decision-related NE signals were more synchronized and peaked 
earlier than ACh transients in M2.

Optogenetic elevation of frontal cortical NE increases 
switch probability
Given that NE and ACh transients exhibit task-related signals with 
distinct spatial and temporal dynamics, we wanted to know whether 
their levels in M2 may differentially contribute to behavioral perfor-
mance. To causally test the roles of the neuromodulators, we used 
optogenetics to stimulate noradrenergic and cholinergic axons in M2 
as mice engaged in the matching pennies game (Fig. 6, A and B). The 
payoff matrix and trial structure were the same as the one used in 
imaging experiments except for the additional laser photostimula-
tion on select trials (Fig. 6C). Photostimulation (473 nm, 40 Hz) 
would start at cue onset and sustain until 1 s, targeting one location 
in one of the hemispheres, after the mouse makes a choice (i.e., the 
first lick within the response window). This was designed to roughly 
mimic the time course of the observed NE and ACh transients in 
M2. We used a laser steering system that can rapidly reposition the 
laser beam, and mice were implanted with a clear skull cap (see Ma-
terials and Methods), which allowed us to photostimulate a different 
region in the dorsal cortex on each trial. To target noradrenergic neu-
rons, we crossed a knock-in Dbh-Cre mouse (75) with the Ai32 
strain (76) for Cre-dependent expression of ChR2. To target norad-
renergic neurons, we crossed a ChAT-Cre mouse (77) with the Ai32 
strain for Cre-dependent expression of ChR2. Post hoc immunos-
taining and confocal microscopy of fixed coronal sections confirmed 
ChR2 expression in axons in M2 (Fig. 6D).

Initially, we tested how optogenetic stimulation of noradrenergic 
and cholinergic axons in different brain regions may contribute to 
performance in matching pennies. We stimulated four regions in-
cluding the left and right secondary motor cortex and left and right 
primary visual cortex (left M2, right M2, left V1, and right V1; 40% 
chance of photostimulation on a given trial, equally allocated to each 
region) in a single session while fixing the power at one of three levels 
for the session (0, 1.5, and 3 mW; Fig. 6E). The visual cortical regions 
were chosen as a potential control because we expect its function to 
not be required during matching pennies, which does not involve a 
visual stimulus. The most obvious effect of photostimulation was to 
alter the probability of a choice switch on the subsequent trial (i.e., if 
the mouse chose left and received a photostimulation, then the next 
trial it would choose right, and vice versa). With increasing power, 
we observed that evoking NE release in M2 increased the tendency 
for the mouse to change its choice [main effect of power: F(75,2) = 
7.57, P = 0.001, two-way ANOVA and Tukey post hoc test, n = 6 
mice, 76 sessions] (Fig. 6F and table S4). Curiously, this consequence 
of NE manipulation was equally effective for all regions stimulated 
[main effect of region: F(75,4) = 0.11, P = 0.98; interaction of region 
and power: F(75,8) = 0.05, P = 1.00]. Similarly, there was a sig-
nificant effect of photostimulation power on the switch probability 
[F(90,2) = 8.39, P = 0.0005, n = 6 mice, 76 sessions]. We wanted to 
know whether this photostimulation-induced propensity to alternate 
choices affected performance. Comparing sessions with increasing 
laser power, we did not detect any difference on performance metrics 
including entropy [NE: F(41,2) = 0.90, P = 0.42; ACh: F(43,2) = 0.20, 

P = 0.82; one-way ANOVA], number of trials performed per session 
[NE: F(44,2) = 1.64, P = 0.21; ACh: F(43,2) = 0.48, P = 0.62], or re-
ward rate [NE: F(44,2) = 1.09, P  =  0.35; ACh: F(43,2) = 0.009, 
P = 0.99; NE: n = 6 mice, 76 sessions; ACh: n = 7 mice, 91 sessions] 
(Fig. 6G and table S5). Collectively, this photostimulation protocol 
increases the switch probability for both the Dbh-Cre;Ai32 and 
ChAT-Cre;Ai32 mice. The behavioral alterations lacked region and 
temporal specificity because the choice behavior was altered on trials 
when any region was stimulated or even when photostimulation 
was absent.

We speculated that the lack of region and temporal specificity for 
the protocol shown in Fig. 6E may be because the photostimulation 
trials were too frequent. Therefore, we modified the protocol to acti-
vate only one region at 3 mW on 10% of the trials per session (Fig. 
6H). With this revised photostimulation protocol, we observed a 
within-session difference for NE between the photostimulation and 
control trials [main effect of photostimulation: F(40,1) = 5.62, 
P = 0.02, two-way ANOVA, n = 6 mice, 41 sessions], with the mouse 
switching its choice significantly more on trials following optoge-
netic stimulation of noradrenergic axons compared to trials without 
(P = 0.022, Tukey post hoc test; Fig. 6I and table S6). We did not 
detect region specificity for the NE photostimulation [interaction of 
photostimulation x region: F(40,3) = 0.37, P = 0.8, n = 6 mice, 41 
sessions]. Because no difference was detected between M2 and V1 in 
the left and right hemispheres, we combined the data of left and right 
M2, as well as left and left V1 in Dbh-Cre data, which did not change 
the result (table S7). The lack of region specificity is likely due to the 
interconnected, branching afferents of NE neurons, and our photo-
stimulation is activating collaterals to project to multiple other corti-
cal regions (38, 43). With this protocol, we did not detect behavioral 
changes when manipulating ACh levels [main effect of region: 
F(48,3) = 0.99, P = 0.40; main effect of stimulation: F(48,1) = 0.07, 
P = 0.80, n = 7 mice, 49 sessions]. There was no impact of the pho-
tostimulation on the whole-session performance metrics (Fig. 6J 
and table S8). Given the significant behavioral effects for NE, we did 
two further analyses to understand the phenomenon. The first anal-
ysis revealed that the increase in switching probability was most pro-
nounced for the first trial after photostimulation and did not extend 
to subsequent trials except for M2-R where there was a prolonged 
effect for two trials (fig. S7 and table S9). The second analysis showed 
that mice tended to stay following a reward, and this is specifically 
when NE was effective at promoting switching behavior (fig. S8 and 
table S10). Together, considering the results from both photostimu-
lation protocols, we concluded that optogenetic stimulation of nor-
adrenergic axons increases the switch probability on the subsequent 
trial, with regional preference and temporal specificity if the photo-
stimulation was applied sparsely.

Optogenetic elevation of frontal cortical NE in a simple 
choice task
Because optogenetic activation of noradrenergic axons in M2 pro-
moted switching without improving reward rate, we wondered 
whether the impact of the perturbation was specific to decision-
making with competitive pressure like matching pennies or whether 
the effect would generalize to a simplified task. We trained the same 
mice, after matching pennies experiments, on a simple choice task 
where there is no inherent benefit to switching (Dbh-Cre: n  =  6 
mice, 12 sessions; ChAT-Cre: n = 4 mice, 8 sessions). The structure 
and timing of each trial was nearly identical to matching pennies 
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(Fig. 7, A and B). Photostimulation (473 nm, 40 Hz, 3 mW) applied 
to M2 occurred on select trials starting at the choice and sustained 
for 1 s. Different from matching pennies, instead of a payoff matrix, 
reward availability followed a block structure (Fig. 7C). In block 1, 
left choices have a 50% chance of water reward whereas right choic-
es have a 50% chance of water reward paired with photostimulation. 
After a random number of trials, without external cue informing the 
mouse of the block reversal, block 2 began with the opposite action-
outcome contingencies. Each mouse was tested on multiple sessions 
with either sham photostimulation (0 mW) or photostimulation at 
3 mW in a randomized order. Example sessions illustrated the typical 
behavior: Without photostimulation, Dbh-Cre;Ai32 and ChAT-
Cre;Ai32 mice tended to stick to one option and would persist in 
making the same choice repeatedly (Fig. 7, D and F). However, a 
Dbh-Cre;Ai32 mouse switched more frequently when the water re-
ward was paired with photostimulation than control (Fig. 7E). By 
contrast, a ChAT-Cre;Ai32 mouse switched rarely even when photo-
stimulation was active (Fig. 7G). Summarizing the data across all 
animals, mice completed a similar number of trials per session re-
gardless of photostimulation [Dbh-Cre;Ai32: t(11) = 0.28, P = 0.79; 
ChAT-Cre;Ai32: t(8) = 0.88, P = 0.40; Fig. 7H, left]. Dbh-Cre;Ai32 
mice overall explored the options more by switching choices during 
a session with photostimulation [t(11) = −2.68, P = 0.02], whereas 
ChAT-Cre;Ai32 mice switched infrequently in both conditions 
[t(8) = 0.65, P = 0.53; Fig. 7H, right]. Analyzing the data on a per-
trial basis, neither strain showed a preference for the side designated 
for photostimulation [Dbh-Cre;Ai32: t(11) = −1.45, P = 0.18; ChAT-
Cre;Ai32: t(8) = −1.24, P = 0.25, Fig. 7I, left]. Dbh-Cre;Ai32 mice 
were more likely to switch on any given trial in sessions with photo-
stimulation [t(11) = −2.55, P = 0.03], whereas ChAT-Cre;Ai32 mice 
showed no difference [t(8) = 0.30, P = 0.77; Fig. 7I, right]. These 
results indicate that the evoked elevation of NE in M2 causes the 
mouse to switch choices more frequently, although there is no pref-
erence for photostimulation per se and there is no incentive in this 
simple choice task for exploring.

DISCUSSION
This study yielded three main findings. First, during a competitive 
game, both NE and ACh in the mouse M2 encode task-relevant in-
formation including choice and outcome. The noradrenergic repre-
sentation is more spatially segregated at the subcellular scale, whereas 
the cholinergic representation tends to multiplex multiple behavioral 
variables at the same location. Second, the decision-related NE tran-
sients are more synchronized and peak earlier than the ACh signals. 
Third, elevating NE levels in M2 promotes exploratory behavior by 
spurring the animal to switch choices on the subsequent trial. To-
gether, these findings reveal distinct spatiotemporal dynamics for NE 
and ACh signaling in the frontal cortex, which may underpin their 
differential contributions to learning and decision-making.

Imaging considerations
We can visualize the dynamic fluctuation of neuromodulator levels 
at subcellular resolution owing to advances in genetically encoded 
fluorescent sensors of NE and ACh. However, there are limitations to 
consider. Two-photon-excited fluorescence enables deep-tissue im-
aging, but the dense expression and relatively weak brightness of the 
current generation of sensors restrict the imaging depth. Therefore, 
we are only sampling NE and ACh transients in the supragranular 

layers of M2. For NE, most LC inputs to the cortex resides in layer I 
(78). However, we are likely missing a substantial fraction of cholin-
ergic inputs because afferents from the basal forebrain predominant-
ly reside in infragranular layers, with 77% found in layers V and VI, 
and only 14 and 9% in layer I and layer II/III, respectively (79). We 
obtained ~10% change in fractional fluorescence from the most re-
sponsive ROIs and ~1 to 2% change in fractional fluorescence aver-
aged across an FOV. We were concerned that fluorescence signals 
may arise from motion artifact, rather than biological sources. This is 
why we performed the auditory evoked response and spontaneous 
pupillary measurements to confirm that the fluorescence signals 
agree with known physiological correlates of cortical NE and 
ACh levels.

A main finding of this study is the difference in timing, where 
task-related elevation of NE was significantly more aligned and 
peaked shortly after the decision. The τon and τoff are 0.11 and 0.58 s 
for GRABACh3.0 for 100 μM ACh (56), whereas the τon and τoff are 
0.09 and 1.93 s for GRABNE2h for 100 μM NE (58). The sensors have 
similar rise times and GRABNE2h has slower decay time than GRA-
BACh3.0; therefore, the intrinsic kinetics of the sensors cannot ac-
count for the temporal dynamics observed in this study. We observed 
that ACh transients have variable rise time (Fig. 5, D and H), such 
that, in aggregate, the front al cortical ACh elevation is elongated 
relative to NE. The temporal dynamics of the different neuromodu-
lators are governed not only by release but also by the reuptake 
transporters in the vicinity, which may be behaviorally relevant. 
There is effort to expand the color palette of the genetically encoded 
fluorescent sensors. Red-shifted sensors are available now for dopa-
mine (80,  81) and have just been developed for NE (82). Future 
studies may leverage wavelength-shifted sensors to simultaneously 
monitor multiple neuromodulators at the same time to further de-
termine whether the spatial organization of ACh and NE transients 
may be coordinated and the potential interplay between different 
neuromodulators, which were hinted by studies showing that the 
level of a neuromodulator, can alter the release of another neuro-
modulator (83, 84).

Spatial organization of decision-related NE and ACh 
transients in the medial frontal cortex
Our results reveal that NE and ACh transients of the mouse M2 oc-
cur when animals made choices and received rewards during a 
competitive decision-making task. Fluctuations of cholinergic and 
noradrenergic activities are intimately linked to pupil-associated 
arousal state (21); therefore, our results are consistent with prior 
works showing that pupil size changes are correlated with choice, 
outcome, and reward prediction error (RPE) (59, 85–87). Moreover, 
the finding of this study is in agreement with a recent study report-
ing that cholinergic basal forebrain neurons provide reinforcement 
signals to its axonal targets (88). Although we chose to focus on 
medial M2 because of its leading role in action selection (71, 89), 
future studies may consider studying other brain regions such as 
the anterior lateral motor cortex (ALM).

A notable conclusion of this study is that the decision-related sig-
nals carried by NE are more spatially distributed at the subcellular 
scale, whereas ACh can be modified by multiple behavioral variables 
at the same location. Representation of different behavioral variables 
at the subcellular scale has been observed previously in the dopamine 
system. Using two-photon microscopy to visualize calcium transients, 
individual dopaminergic axons in the dorsal striatum were found to 
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Fig. 6. Optogenetic elevation of frontal cortical NE increases switching in matching pennies. (A) Schematic of the mouse playing matching pennies while noradren-
ergic and cholinergic axons were stimulated via optogenetics using a laser-steering system. (B) Payoff matrix of the game. (C) Timing of each trial. On trials with photo-
stimulation, laser turns on at cue onset and sustains until 1 s after choice. (D) Confocal micrographs of immunostained axons in the coronal section of M2 of Dbh-Cre;Ai32 
(left) and ChAT-Cre;Ai32 (right) mice. (E) Schematic of the protocol to test effects of region within session and power across sessions. Dbh-Cre: n = 6 mice, 76 sessions; 
ChAT-Cre: n = 7 mice, 91 sessions. Multiple regions were tested per session, with maximum of one region tested per trial. A total of 40% of trials are stimulated with 10% 
allocated to each region (M2-L, M2-R, V1-L, and V1-R). One power level is tested per session. (F) Probability of switch on trial after photostimulation by region and power. 
(G) Session-based performance metrics, including entropy (left), number of trials (middle) and reward rate (right). (H) Schematic of protocol to test effects of region-
specific photostimulation across sessions. One region was tested per session. A total of 10% of trials are stimulated at 3 mW. Dbh-Cre: n = 6 mice, 41 sessions; ChAT-Cre: 
n = 7 mice, 49 sessions. (I) Probability of switch on trial after photostimulation by region. (J) Session-based performance metrics, including entropy (left), number of trials 
(middle), and reward rate (right). Statistical analyses were performed using two-way ANOVA for (F) and (I) and one-way ANOVA for (G) and (J) and are included in supple-
mentary tables. *P < 0.05; ***P < 0.001; n.s., not significant.
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encode either locomotion onset or reward (90). The heterogeneity in 
behavioral correlates mapped onto genetically defined subtypes of do-
paminergic neurons (91). Recent studies have likewise revealed sub-
types of noradrenergic neurons in the LC, with distinct firing patterns 
during decision-making (92) and preferential long-range projection 
targets (93, 94). There are also subtypes of cholinergic neurons in the 
basal forebrain, which differ in physiological properties and behav-
ioral correlates (95). Because previous rat and mouse studies reported 
a higher density of cholinergic axons than noradrenergic axons in the 

cortex (96–98), it is plausible that the spatial organization of ACh and 
NE transients arises due to various degrees of spatial overlap of axons 
in M2 from different subtypes of NE or ACh neurons.

Noradrenergic system promotes switching and 
exploratory behavior
After photostimulation of frontal cortical NE axons, animals in-
creased tendency to switch their choice during both matching pen-
nies and a simple choice task. Our results echo the central conclusion 
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Fig. 7. Optogenetic elevation of frontal cortical NE increases switching in a simple choice task. (A) Schematic of simple choice task. (B) Each trial, a sound cue signals 
the start of a response window. The first lick emitted by the animal within the window is logged as the response for that trial, and the outcome is delivered immediately 
according to the trial block structure. A random ITI follows the outcome. On trials with photostimulation, laser turns on at time of choice and sustains until 1 s after choice. 
(C) Schematic of the trial block structure. For trials in block 1, a left lick leads to water 50% of the time and a right lick leads to water paired with photostimulation 50% of the 
time. For trials in block 2, action-outcome contingencies are reversed. The first block is randomly selected. The block type reverses after a random number of choices (drawn 
from a truncated exponential distribution, with a minimum number of 10 trials). (D) Example session for a Dbh-Cre;Ai32 mouse with sham stimulation. (E) Same mouse as 
in (D) but in a session with 3-mW photostimulation. (F) Example session for a ChAT-Cre;Ai32 mouse with sham stimulation. (G) Same mouse as in (F) but in a session with 
3-mW stimulation. (H) Quantification for session-based metrics including number of responses (left) and switches (right). (I) Quantification for trial-based metrics including 
probability of choosing side designated for photostimulation (left) and probability of switching (right). Dbh-Cre: n = 6 mice, 12 sessions; ChAT-Cre: n = 4 mice, 8 sessions.
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of an earlier study that used chemogenetics to activate LC inputs 
into the anterior cingulate cortex in rats, which increased behavioral 
variability (63), along with several other studies manipulating NE 
release (99–101). However, unlike the earlier work, in our task, there 
is no incentive to switch in the simple choice task, suggesting that 
this causally evoked behavioral change was not adaptive for improv-
ing performance. A recent study has shown that silencing the mouse 
anterior cingulate cortex decreases stochasticity in a foraging task 
(102), suggesting that the impact of frontal cortical NE on explor-
atory behavior may be bidirectional, in agreement with a theoretical 
proposal that NE may relate to the inverse temperature parameter in 
reinforcement learning (25). We interpret the increased probability 
to switch as a higher level of exploration; however, the behavior may 
also be viewed as consistent with a role of cortical NE in state forma-
tion and reset (23).

One may ask: Given the prominent task-related ACh transients, 
why was it that stimulating the cholinergic axons yielded no detect-
able change in behavior? This can be due to technical limitations 
because photostimulation was applied broadly to entire brain re-
gions. We cannot recapitulate the precise fine-scale spatiotemporal 
patterns observed for the neuromodulatory transients. Unlike NE, 
we show that ACh transients are staggered with varying peak times 
at different locations, which could not be mimicked by wide-field 
optogenetic stimulation. Moreover, ACh and the medial frontal cor-
tex have roles in decision-making and learning that are not captured 
by the behavioral tasks in this study. ACh contributes to cue-guided 
responses (12) and working memory (11). Furthermore, the medial 
frontal cortex including specifically neighboring region of the ante-
rior cingulate cortex is involved in tracking volatility and uncertain-
ty (103), as well as risk aversion (104) and belief or strategy updating 
(105–107). These are aspects of decision-making that are not em-
phasized in matching pennies, which may be why optogenetic stim-
ulation of cholinergic axons in M2 yielded a null effect.

NE and ACh are major neurotransmitters in the brain. Here, tak-
ing advantage of novel fluorescent sensors and in vivo two-photon 
microscopy, we characterized noradrenergic and cholinergic signal-
ing in subcellular resolution in M2 in mice while they were engaging 
in a competitive decision-making game. We uncovered that decision-
related events are associated with NE and ACh transients with 
distinct spatiotemporal dynamics. Causal manipulation of frontal 
cortical NE heightened exploratory behavior. Our study contributes 
to the emerging understanding of the functions of these neuromodu-
lators in value-based decision-making and provides clues into why 
their dysfunction may underlie cognitive symptoms of neuropsychi-
atric disorders.

MATERIALS AND METHODS
Animals
All animal procedures were conducted in accordance with procedures 
approved by the Institutional Animal Care and Use Committees at 
Yale University (animal use protocol no. 2019-11575) and Cornell 
University (animal use protocol no. 2021-0100). For imaging, adult 
male C57BL/6J mice were used (postnatal day 56 or older; no. 000664, 
the Jackson Laboratory). For photostimulation, adult male and female 
Dbh-Cre;Ai32 and ChAT-Cre;Ai32 mice were used (postnatal day 42 
or older). Dbh-Cre;Ai32 mice were generated by crossing B6.Cg-
Dbhtm3.2(cre)Pjen/J (75) and B6.Cg-Gt(ROSA)26Sortm32(CAG-COP4*H134R/

EYFP)Hze/J (no. 024109, the Jackson Laboratory) (76). ChAT-Cre;Ai32 

mice were generated by crossing B6.129S-Chattm1(cre)Lowl/MwarJ (no. 031661, 
the Jackson Laboratory) (77) and B6.Cg-Gt(ROSA)26Sortm32(CAG-

COP4*H134R/EYFP)Hze/J (no. 024109, the Jackson Laboratory). Mice were 
housed in groups of three to five animals with 12-hour/12-hour light/
dark cycle control (lights off at 7 p.m.).

Surgical procedures
To prepare for imaging, animals underwent surgery for viral injec-
tion and cranial window implant. At the start of surgery, the animal 
was anesthetized with 2% isoflurane, which was reduced to 1 to 
1.2% as the surgery progressed. The mouse was placed on a water-
circulating heating pad (TP-700, Gaymar Stryker) in a stereotaxic 
frame (David Kopf Instruments). After injecting carprofen [5 mg/kg, 
subcutaneously (sc); no. 024751, Butler Animal Health] and dexa-
methasone (3 mg/kg, IM; Dexaject SP, no. 002459, Henry Shein Ani-
mal Health), the scalp of the animal was removed to expose the skull, 
which was cleaned three times with 70% ethanol and povidone-
iodine. For the first part of procedure, a custom-made stainless steel 
headplate was glued to the skull with transparent Metabond (C&B, Parkell 
Inc.). For the second part of procedure, a 3-mm-diameter crani-
otomy was made over the longitudinal fissure [centered on anterior-
posterior (AP): + 1.5 mm, medial-lateral (ML): 0.0 mm relative to 
bregma] using a high-speed rotatory drill (K.1070; Foredom). The 
dura was left intact and irrigated frequently with artificial cerebro-
spinal fluid (5 mM KCl, 5 mM Hepes, 135 mM NaCl, 1 mM MgCl2, 
and 1.8 mM CaCl2; pH 7.3) over the remainder of the procedure. 
The injection sites were located on the four vertices of a square 
with 0.2 mm in side length, centered on a medial target within M2 
(AP + 1.5 mm, ML ± 0.5 mm relative to bregma). Either AAV9-
CaMKII-GRABACh3.0 or AAV9-hSyn-GRABNE2h (titer > 1013 GC/
ml, WZ Biosciences Inc.) was infused at the four-injection site 
through a glass micropipette attached to a microinjection unit 
(Nanoject II; Drummond). Each site was injected eight times with 
4.6 nl of the aforementioned viruses over 2 min, at a depth of 0.4 mm 
from the dura. To minimize backflow of the injected solution, the 
micropipette was left in place for 5 min after each infusion. The cra-
nial window consisted of one piece of 4-mm-diameter, #1 thickness 
prefabricated glass coverslip (no. 64-0720-CS-4R; Warner Instru-
ments) and three pieces of 3-mm-diameter, #1 thickness prefabri-
cated glass coverslips (no. 64-0720-CS-3R; Warner Instruments), 
glued together concentrically with ultraviolet-activated optical adhe-
sive (NOA 61; Norland Products Inc.). The window was placed on 
the cortical surface with the glass plug facing down with gentle 
downward pressure provided by a wooden stick attached to the ste-
reotaxic frame. The window was then secured by cyanoacrylate glue 
and Metabond. Postoperative analgesia (carprofen, 5 mg/kg, sc) was 
provided immediately and for three consecutive days following sur-
gery. For most animals, the first and second parts of procedure were 
done in the same surgery, prior to behavioral training and imaging. 
We were concerned that this sequence prolongs the time of viral-
mediated expression which may affect the signal. Therefore, for a few 
animals, the first and second parts of the procedure were done in 
separate surgeries, each with its own set of pre- and postoperative 
steps. The initial headplate implant allowed for training, and then 
once the animals were proficient, we injected viruses and prepared 
cranial window for imaging. We did not detect differences in the two 
approaches and therefore present only the combined dataset.

For experiments on the effects of NE transporter (NET) block-
ade on the GRABNE2h signal, surgical procedures were detailed 
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previously (108). Briefly, ~478.4 nl of AAV9-hSyn-GRABNE2h (titer 
> 1012 GC/ml, WZ Biosciences Inc.) was infused in the prelimbic 
cortex (centered on AP: +1.7 mm, ML: +0.3 mm relative to bregma, 
at a depth of 1.3 mm below the dura). Three weeks after viral injec-
tion, a second procedure was done to implant a gradient refractive 
index (GRIN) lens (Inscopix; cylindrical lens with 1.5 mm in length 
and 0.5 mm in diameter, working distance: ~0.1 mm). For lens im-
plantation, a 0.5-mm-diameter craniotomy was remade over the 
previous viral injection site and the GRIN lens was implanted to a 
depth 0.1 mm dorsal to the viral injection target (i.e., 1.2 mm below 
dura). To prepare the cortex overlying the target region for mass 
effect due to the GRIN lens size, a sterile 30-gauge syringe was low-
ered to the implant’s target position at a rate of 0.1 mm/min and 
then kept in position for 30 min and slowly retracted. The GRIN 
lens was then lowered to the target implant location at a rate of 0.1 mm/
min. The GRIN lens collar was secured to the skull surface using 
cyanoacrylate glue. After the adhesive cured, a headplate was se-
cured to the skull using Metabond. Pre- and postoperative were 
provided in the same way as described above.

To prepare for photostimulation, the steps closely followed proce-
dures described previously (109). At the start of surgery, the animal 
was anesthetized with 2% isoflurane, which was reduced to 1 to 
1.2% as the surgery progressed. The mouse was placed on a water-
circulating heating pad (TP-700, Gaymar Stryker) in a stereotaxic frame 
(David Kopf Instruments). After injecting carprofen (5 mg/kg, sc; 
no. 024751, Butler Animal Health) and dexamethasone (3 mg/kg, 
sc; Dexaject SP, no. 002459, Henry Shein Animal Health), the scalp 
of the animal was removed to expose the skull, which was cleaned 
three times with 70% ethanol and povidone-iodine. After removing 
the scalp, the skull was lightly polished using acrylic polish kit (S23-
0735, Pearson Dental) to remove residual tissue. A custom-made 
stainless steel headplate (eMachineShop) was glued onto the skull 
with Vetbond and the center well filled with transparent Metabond 
(one scoop of purple powder, seven drops of base, and two drops of 
catalyst; C&B, Parkell) to obtain a ~1- to 2-mm–thick layer. After 
waiting for about 20 min for the Metabond to cure, the surface of the 
Metabond layer was polished with progressively finer bits from the 
acrylic polish kit. After polishing, the well was covered with a very 
thin layer of clear nail polish (72180, Electron Microscopy Services) 
and allowed to dry fully. Postoperative analgesia (carprofen, 5 mg/
kg, sc) was provided immediately and for three consecutive days fol-
lowing surgery. Animals were implanted with this clear skull cap for 
at least 2 weeks before the start of behavioral training.

Behavioral setup
The same training apparatus was used in our prior studies (59, 110). 
Detailed instruction to construct the apparatus is available at https://
github.com/Kwan-Lab/behavioral-rigs. Briefly, the mouse with a 
headplate implant was head fixed to a stainless steel holder (eMa-
chineShop). The animal, restrained by an acrylic tube (8486K433; 
McMaster-Carr), was able to adjust its posture with limited gross 
movements. Two lick spouts made of blunted 20-gauge stainless 
steel needles were positioned in front of the subject near its mouth. 
The animal indicated its choice by licking the spout with its tongue. 
The contact with the lick spout formed a closed loop with wires that 
were soldered onto the spout and a battery-powered lick detection 
electronic circuit, which generated an output electrical signal. A 
computer received the signal via a data acquisition unit (USB-201, 
Measurement Computing) and logged it with the Presentation 

software (Neurobehavioral Systems). Two solenoid fluid valves 
(MB202-V-A-3–0-L-204; Gems Sensors & Controls) controlled the 
water delivery from the two lick ports independently. The amount of 
water was calibrated to ~4 μl per delivery by adjusting the duration 
of the electrical pulse sent by the Presentation software through a 
second data acquisition unit (USB-201, Measurement Computing). 
The sound cue signaling the trial start was played by two speakers 
(S120, Logitech) placed in front of the mouse. The whole setup was 
placed inside an audiovisual cart with walls covered by soundproof 
acoustic foams (5692T49, McMaster-Carr).

Two-photon imaging
The behavioral setup described above was placed under the two-
photon microscope. The two-photon microscope (Movable Objec-
tive Microscope, Sutter Instrument) was controlled using ScanImage 
software 5.1. The excitation source was a Ti:sapphire femtosecond 
laser (Chameleon Ultra II, Coherent). Laser intensity was controlled 
by a Pockels cell (350-80-LA-02, Conoptics) and an optical shatter 
(LS6ZM2; Uniblitz/Vincent Associates). The beam was focused onto 
the sample with a 20×, numerical aperture 1.00 water immersion 
objective (N20X-PFH, Thorlabs via Olympus). The time-averaged 
excitation laser intensity was 120 to 180 mW after the objective. To 
image fluorescence transients from GRABNE2h or GRABACh3.0 sen-
sors, excitation wavelength was set at 920 nm and emission was col-
lected from 475 to 550 nm with a GaAsP photomultiplier tube. The 
subset of imaging experiments examining the effect of NE reuptake 
inhibitor on GRABNE2h signals was done using the same two-photon 
microscope but with some differences in imaging conditions includ-
ing, most notably, a different excitation wavelength of 980 nm as de-
tailed in a different study previously (108). Time-lapse images were 
acquired at a resolution of 256 pixels by 256 pixels and a frame rate 
of 30.03 Hz using bidirectional scanning with resonant scanners. To 
synchronize behavioral and imaging data, a TTL pulse was sent by 
the Presentation software at the beginning of each trial from the 
USB-201 board of the behavioral system that controlled the water 
valves. The imaging system used the TTL pulse as an external trigger 
to initiate the imaging acquisition.

Photostimulation
The photostimulation apparatus had a design based on an earlier 
work (109) and is the exact same configuration used in a previous 
study (106). Briefly, a 473-nm fiber-coupled laser (473 nm, 75 mW; 
Obis LX, Coherent) was controlled by a pulse sequence generator 
(Pulse Pal, Sanworks). The fiber output was directed to a galvanometer-
galvanometer scanner (6210H, Cambridge Technologies), which 
were driven by power supplies (SPD-3606, Cole-Parmer) and in-
stalled in a 60-mm cage system (Thorlabs). The excitation beam then 
passes through an F-theta scan lens (f = 160 mm; FTH160-1064-M39, 
Thorlabs) and is directed onto the animal’s head. Calibration of the 
laser beam’s position relative to bregma is achieved by visualizing the 
cortical surface using a monochromatic camera (Grasshopper3; GS3-
U3-23S6M-C, Point Grey) with a telecentric lens (TEC-55, Com-
putar). A blue light-emitting diode (LED) (470 nm) aimed at the 
animal’s head was used as a masking light. Control of the laser, scan-
ner, camera, and LED was executed through a data acquisition board 
(PCIe-6343, National Instruments) using custom software written in 
MATLAB (Mathworks). The behavior setup described above was 
placed under the photostimulation apparatus. The entire system is 
housed inside a custom T-slot frame box (80/22 LLC), shielded with 
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soundproof foam panels, on a vibration isolation table (CleanTop 
781-651-02R, TMC).

Matching pennies
Animals were trained to play the matching pennies game with a 
component opponent (59). All procedures were written using the 
programming language in the Presentation software. The animals 
were fluid restricted with water provided during the daily behav-
ioral session. On the days when the subjects were not trained (typi-
cally 1 day per week), a water bottle was placed in the home cage, 
allowing for ad libitum water access for 5 min.

Animals were trained in three phases. For phase 1 (2 days), the ani-
mals were habituated to the behavior apparatus. They may lick either 
spout for water. A water reward would be delivered after every 
lick at the corresponding spout with a minimal time interval of 1 s. 
The session would terminate after the animal collected 100 rewards. 
For phase 2 (~4 weeks), the animals were trained to follow the trial 
structure and withhold impulsive licks before the trial started. In each 
trial, a 5-kHz sound cue lasting for 0.2 s signaled the start of the trial. 
Then, the animal was given a 2-s window to lick either port. The 2-s 
response window would give a naïve mouse more time to act when 
they had not learnt the trial timing, therefore helping the animals to 
acquire the task faster. Once the first lick was detected, the 2-s re-
sponse window would be terminated immediately. A water reward 
would be presented at the corresponding spout, following which a 
fixed 3-s period was presented for the animal to collect the reward. In 
the trials when the animal did not lick, the 3-s interval was still pre-
sented in full. A random ITI began after the 3-s consumption window. 
A number was drawn from a truncated exponential distribution with 
lambda = 0.333 and boundaries of 1 and 5, which was used as the 
duration of the ITI in seconds. If one or more licks were detected dur-
ing the ITI, an additional ITI with duration redrawn from the same 
distribution would be appended to the end of current ITI, with a max-
imum of 5 ITIs. After the ITIs ended, the next trial would begin. The 
animal would be advanced into phase 3 to play the matching pennies 
game when the average number of ITI draws per trial was lower than 
1.2 for three consecutive sessions. In phase 3 (~4 weeks), the animals 
were trained to play the matching pennies game against a computer 
opponent whose behavior was controlled by a script written in the 
programming language of the Presentation software. The trial timing 
is the same as phase 2: each trial begins with a 5-kHz, 0.2-s sound cue. 
Within a 2-s response window, the animal indicated its choice by lick-
ing either the left or right spout. A water reward would be delivered in 
the corresponding spout if the animal chose the same choice as the 
computer. Otherwise, there would be no reward. The computer op-
ponent was programmed to provide competitive pressure in a way the 
same as “algorithm 2” described in previous studies (59, 60, 111). Spe-
cifically, the computer opponent kept a record of all the animal’s past 
choices and outcomes within the current session and ran nine bino-
mial tests on the conditional probability of the animal choosing left 
given the sequence of previous N choices (N = 0 to 4) and previous M 
choices and outcomes (M = 1 to 4), against the null hypotheses that 
the conditional probabilities of the animal choosing left was 0.5. If at 
least one of the tests rejected the null hypotheses with alpha < 0.05, 
the computer then chose right with the significant conditional prob-
ability that was most biased from 0.5. If none of the null hypothesis 
was rejected, the computer randomly generated either choice with 
equal probabilities. The animal could play for as many trials as it de-
sires, and a session would terminate when no response was detected 

for 10 consecutive trials. Mice reached stable performance when they 
played matching pennies for three consecutive sessions with a mini-
mum of 40% reward rate. Specifically, in the ACh group, five mice 
spent a range of 6 to 14 sessions, and in the NE group, four mice spent 
5 to 10 sessions in phase 3 training until reaching criterion.

Initially, mice were trained in dedicated behavioral setups. After 
reaching criterion, animals were trained to play the same matching 
pennies game in the behavioral setup within the two-photon imag-
ing or photostimulation rig. They would be deemed to have adapted 
when mice played matching pennies for three consecutive sessions 
with a minimum of 40% reward rate, which was when imaging or 
photostimulation experiments would commence.

Matching pennies and photostimulation
During matching pennies, for photostimulation trials, laser was 
turned on for photostimulation (frequency: 40 Hz; pulse duration: 
0.1 ms) from onset of cue to 1 s after choice was made (i.e., first lick 
within response window). The stimulation schedule was determined 
based on previous researches with 40-Hz stimulation on noradren-
ergic and cholinergic terminals (112–114). Photostimulation was 
applied to one of four possible locations: left secondary motor cor-
tex (M2-L; +1.5 mm AP, −0.3 mm ML from bregma), right second-
ary motor cortex (M2-R; +1.5, +0.3), left primary visual cortex 
(V1-L; −3.0, −2.0), or right primary visual cortex (V1-R; −3.0, 
+2.0). For all trials, including photostimulation and control (with-
out photostimulation) trials, the masking blue LED would be turned 
on from onset of cue to 1 s after choice was made. For the “varying 
power” paradigm, photostimulation occurred on 40% of the trials 
randomly with 10% allocated to each region (M2-L, M2-R, V1-L, 
and V1-R). One power was used for a session, but power changed 
across sessions in a pseudorandom order between 0, 1.5, and 3 mW. For 
0 mW, the laser was powered as usual but in standby mode such 
that there was no laser emission. For the “varying region” paradigm, 
photostimulation occurred on 10% of the trials at 3 mW. One region 
was tested for a session, but region changed across sessions in a 
pseudorandom order between M2-L, M2-R, V1-L, and V1-R.

Simple choice task
Each trial begins with a 5-kHz, 0.2-s sound cue. Within a 2-s re-
sponse window, the animal indicated its choice by licking either the 
left or right spout. In trial type 1, the left spout has 50% chance of 
delivering water and photostimulation (from choice to 1 s after 
choice was made) whereas the right spout has 50% chance of deliv-
ering only water. In trial type 2, the left spout has 50% chance of 
delivering only water whereas the right spout has 50% chance of 
delivering photostimulation and water. To determine whether the 
animal would bias its choice if one of the choices would lead to pho-
tostimulation, the latter was delivered immediately after the choice, 
slightly different from the matching pennies game. A session begins 
with a first trial of trial type 1 or 2 randomly. The next trial has a 
1/11 probability to switch trial type. There were no external stimuli 
beyond the probabilistic photostimulation and water delivery to in-
form the mouse of the trial type switch. The animal could play for as 
many trials as it desires, and a session would terminate when no re-
sponse was detected for 20 consecutive trials.

Pupillometry
A monochrome camera (GigE G3-GM11-M1920, Dalsa) with a 
55-mm telecentric lens (TEC-55, Computar) was aimed at the eye of 
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the animal contralateral to the hemisphere where imaging was per-
formed. Video was acquired at 20 Hz. The computer running the 
Presentation software sent TTL pulses every 30 s to another com-
puter controlling the camera through a USB data acquisition device 
(USB-201; Measurement Computing). The timestamp of the TTL 
pulse was logged by MATLAB 2019b (MathWorks) with a custom 
script, such that the video could be aligned to behavioral events post 
hoc. The computer running the Presentation software sent TTL 
pulses every 30 s to the two-photon microscope to trigger imaging. 
Each session lasted 30 min. Animals were tested either naïve or after 
going through the entire behavioral training protocol for match-
ing pennies.

Auditory evoked responses
This measurement relied on the same behavioral setup as the match-
ing pennies. A 4-kHz, 50-ms auditory stimulus was played at the 
beginning of each trial. A random ITI was presented following the 
stimulus. The duration of the ITI in seconds was drawn from a con-
tinuous uniform distribution with boundaries of 1 and 4. The next 
trial would begin after the ITI. Each session lasted 200 trials.

NE reuptake inhibitor
To test how extracellular accumulation of NE affects the GRABNE2h 
signal, male C57BL/6J mice (n  =  3) were treated with the NET 
blocker desipramine [10 mg/kg, intraperitoneally (ip)] or saline 20 min 
before an imaging session. The treatment order was counterbal-
anced across mice.

Histology
Following imaging experiments, mice were transcardially perfused 
with chilled phosphate-buffered saline (PBS) followed by formalde-
hyde solution (4% in PBS). The brains were then fixed in 4% form-
aldehyde solution for 1 hour before they were transferred to 30% 
sucrose solution at 4°C. After about 24 hours, the brains were cut 
into 50-μm-thick coronal sections with a vibratome (VT 1000S, 
Leica). The brain sections were washed three times with PBS solu-
tion before being immersed with chicken anti–green fluorescent 
protein (GFP) antibody (1:500; ab13970, Abcam) for 12 hours at 
4°C. Then, Alexa Fluor 488–conjugated goat anti-chicken second-
ary antibody (1:50; ab209487, Abcam) was used to label the primary 
antibody for 3 hours at room temperature. The sections were then 
mounted with DPX and imaged with an inverted wide-field fluores-
cence microscope.

Following photostimulation experiments, mice were transcardi-
ally perfused with chilled PBS then formaldehyde solution (4% in 
PBS). The brains were fixed in 4% formaldehyde solution for 24 hours 
at 4°C before being transferred to PBS. Then, brains were processed 
using the vibratome into 30-μm-thick coronal sections. Sections 
were washed five times with PBS and incubated in PBS with 0.3% 
Triton X-100 (PBST) for 20 min at room temperature. Slices were 
blocked with 10% normal goat serum in PBST for 1 hour at room 
temperature followed by incubation with primary anti-GFP antibody 
(1:200, ab290, Abcam) in 10% normal goat serum in PBST at 4°C 
overnight. Sections were washed three times in PBS then incubated 
with Alexa Fluor 488–conjugated goat anti-rabbit secondary anti-
body (1:500; ab150077, Abcam) for 2 hours at room temperature. 
Slices were mounted with Vectashield Antifade Mounting Medium 
with DAPI (H-1200-10, VectorLabs) and imaged with a Zeiss LSM 
710 confocal microscope.

Preprocessing of matching pennies data
To quantify the randomness in the animals’ choices, the three-
choice entropy of the choice sequence is calculated by

where pk is the frequency of occurrence of a three-choice pattern in 
a session. Because there were two options to choose from, there 
were 23 =  8 potential patterns possible (e.g., left-left-left, left-left-
right, left-right-left, etc.). The maximum value for entropy is 3 bits. 
For matching pennies, the animals tended to select the same option 
for around 30 trials toward the end of each session. The three-choice 
entropy over a moving 30-trial window was calculated for each ses-
sion, and the MATLAB function ischange was used to fit with a 
piecewise linear function. The trials after the fitted curve fell below 
a value of 1 were discarded to exclude the repetitive trials in the 
analyses. In cases where the curve recovered to a value greater than 
1 after it dropped below 1, or if it never fell below a value of 1, the 
entire session was used for analysis.

Preprocessing of pupillometry data
The preprocessing of pupillometry data was similar to a previous 
work (59). To extract the diameters of the pupil from the video re-
cordings, we used DeepLabCut (DLC) 2.0 (115, 116). Five labels in-
cluding the central, uppermost, leftmost, lowermost, and rightmost 
points of the pupil were manually labeled by the experimenter on a 
small subset of the video frames. The annotated frames were used to 
train DLC to automatically label the 5 points on the remainder of the 
video. The absolute pupil diameter was calculated by taking the dis-
tance between the leftmost and rightmost labels. The other labels 
were not considered because we found that the labeling of the lower-
most points was interfered by the lower eyelid, resulting in an inac-
curate estimation. The absolute pupil diameter was passed through a 
4-Hz low-pass filter with the MATLAB function lowpass. Using the 
MATLAB function isoutlier, we detected and deleted any data points 
that were greater than 3 scaled median absolute deviation (MAD) 
from the median. The baseline of the signal was computed with a 
10-min moving window, which was used to convert the signal to z-
score to account for drift over a session.

Preprocessing of imaging data
Time-lapse images were processed for x-y motion correction using 
customized MATLAB scripts based on NoRMCorre (117). The 
FOV spans 142.66 μm by 142.66 μm, or 256 pixels by 256 pixels. 
For analysis, we only use the 124.83 μm by 124.83 μm, or 224 pixels 
by 224 pixels, portion at the center of the FOV to avoid artifacts 
near the FOV edges due to motion correction processing. The ana-
lyzed region was divided into 28 by 28 grids. Each grid was a 4.46 μm 
by 4.46 μm, or 8 pixels by 8 pixels, square, which was considered as 
an ROI. We decided to use grids to subdivide the FOV as an unbi-
ased way to analyze spatial dependence rather than neural mor-
phology because the GRABNE2h and GRABACh3.0 sensors labeled 
primarily neuropils that are indistinct for manual drawing of ROIs. 
For each ROI, the fractional change in fluorescence, ΔF/F(t), was 
calculated as

Entropy = −
∑

k

pklog2pk

ΔF

F
(t) =

F(t) − F0(t)

F0(t)
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where F0(t) is the baseline fluorescence as a function of time, which 
was the 10th percentile of the fluorescent intensity within a 2-min 
running window centered at time t.

Analysis of behavioral data—Computational models
To quantify the choice behavior, we adopted a Q-learning with 
forgetting model plus choice kernels (FQ_RPE_CK) (59). On trial n, 
for a choice cn that leads to an outcome rn, the action value Qi

n
 associ-

ated with an action i is updated by

where α is the learning rate, and the forgetting rate for the unchosen 
action. In our task, there are two options, so i ∈ {L,R}. For the out-
come, rn = 1 for reward, 0 for no reward. Moreover, to capture the 
animal’s tendency to make decisions based purely on previous 
choices, there are choice kernels Ki

n
 updated by

where αK is the learning rate of the choice kernel. For action selec-
tion, the probability to choose action i on trial n is given by a soft-
max function

where β and βK are the inverse temperature parameters for action 
values and choice kernels, respectively.

To fit the computational models to the behavioral data, for each 
subject, the sequence of choices and outcomes were concatenated 
across sessions. Each model was fitted to the data using a maximum-
likelihood algorithm implemented with the fmincon function in 
MATLAB, with the constraints 0 ≤ α, αK, αR, αU ≤ 1, and0 < β, βK. 
These fits also yielded latent decision variables such as action values 
and choice kernels that would be used for the subsequent multiple 
linear regression analyses.

Analysis of imaging data—Peristimulus time histogram
To obtain trial-averaged activity traces [peristimulus time histo-
gram (PSTH)] aligned to the cue onset for different trial types, we 
first aligned ΔF/F(t) traces based on their timing relative to the cue 
onset of the corresponding trials and then took the mean across 
traces. We then estimated the average and 95% confidence interval 
over mean traces of all recorded ROIs with bootstrapping procedure 
to get the average PSTH for a single session.

Analysis of imaging data—Linear regression
To determine how fluorescence signals may relate to task-related 
variables such as choices and outcomes, we used a multiple linear 
regression equation adapted from our previous study (59)

where ΔF
F
(t) is the fractional changes in fluorescence at time t  in 

trial n; cn+1, cn, cn−1, cn−2 are the choices made on the next trial, the 
current trial; the previous trial, and the trial before the previous 
trial, respectively; rn+1, rn, rn−1, rn−2 are the outcomes for the next 
trial, the current trial, the previous trial, and the trial before the pre-
vious trial, respectively; b0,…, b14 are the regression coefficients; and 
ε(t) is the error term. Choices were dummy coded as 0 for ipsilateral 
responses and 1 for contralateral responses. Outcomes were dummy 
coded as 0 for no reward and 1 for reward. For the last two predic-
tors, rMA

n
 is the average reward over the previous 20 trials, given by 

the equation

Also, rCum.
n

 is the normalized cumulative reward during the ses-
sion, calculated by

where n denotes the current trial number and N is the total number 
of trials in the session.

To examine the modulation effect of lick rate on fluorescence sig-
nals, we constructed a multiple linear regression

where lick(t) is the number of licks at time t.
To determine how fluorescence signals may relate to switch be-

havior, we used multiple linear regression

where sn denotes the switch factor made on the current trial, and 
b0,…, b5 are the regression coefficients. Switches were dummy coded 
as 0 for a stay choice (same choice made on the current trial as the 
previous one), 1 for a contralateral switch (an ipsilateral choice 
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made on the previous trial to a contralateral choice made on the cur-
rent trial), and −1 for an ipsilateral switch (a contralateral choice 
made on the previous trial to an ipsilateral switch made on the cur-
rent trial). We did not include switch and outcome for past or future 
trials as predictors because these variables are highly correlated.

To determine how fluorescence signals may relate to latent deci-
sion variables for action selection, we used multiple linear regression

where QL
n
 and QR

n
 denote the action values of the left and right choic-

es in trial n, respectively; Qchosen
n

 is the value of the action chosen in 
trial n; KL

n
 and KR

n
 are the choice kernels of the left and right choices 

in trial n, respectively; and K chosen
n

 is the choice kernel of the action 
chosen in trial n.

To determine how fluorescence signals may relate to latent deci-
sion variables for value updating, we used multiple linear regression

where rn − Qchosen
n

 is the positive or negative RPE for rn = 1 or rn = 0, 
respectively.

For each session, the regression coefficients were determined by 
fitting the equations to data using the MATLAB function fitlm. The 
fit was done in 100-ms time bins that span from −3 to 5 s relative to 
cue onset, using mean ΔF/F within the time bins. For a given pre-
dictor and an ROI, if the regression coefficients were significant 
(P < 0.01) for at least three consecutive or 10 total time points be-
tween −3 and 5 s from cue onset, the ROI was considered signifi-
cantly modulated by the predictor. The time span was chosen so that 
it included the long-lasting effect of choice and outcome encoding 
without encroaching into the next trial. To summarize the results, 
for each predictor, we calculated the proportion of ROIs in which 
the regression coefficient was significantly different from zero 
(P < 0.01). To determine whether the proportion was significantly 
different from chance, we performed a chi-square test against the 
null hypothesis that there was a 1% probability that a given predictor 
was mischaracterized as significant by chance in a single session.

Analysis of imaging data—Hierarchical clustering
To analyze the degree of similarity in task-related activity across 
ROIs, within each session, we applied hierarchical clustering on the 
regression coefficients for the current outcome for the ROIs that 
were significantly modulated by the current outcome. We clustered 
the ROIs within each session into two clusters based on the cross-
correlation of the regression coefficients within −3 to 5 s from cue 
using the MATLAB function clusterdata. The optimal number of 
clusters was validated with silhouette analysis. Note that the cluster-
data function would always cluster any given dataset into two clus-
ters, yet in some sessions, the data were better fitted with only one 
cluster. Therefore, we identified two distinct groups post hoc based 

on the direction of modulation and then placed every cluster identi-
fied by clusterdata into either of these two groups as follows: First, 
we calculated the mean coefficients as a function of time of each clus-
ter over different ROIs; we then calculated the area under the curve 
of the average coefficients between 0 and 2 s from cue. Clusters with 
a positive area under the curve were considered group 1, and clusters 
with a negative area under the curve were considered group 2. Once 
all the ROIs from all sessions were categorized into either group, we 
then identified the ROIs that were significantly modulated by current 
choice and/or current reinforcer (choice-outcome interaction) with-
in the groups (fig. S6). For visualization, the ROIs were sorted by the 
center of mass of the regression coefficients for the current outcome. 
The hierarchical clustering procedures described above were per-
formed for GRABNE2h and GRABACh3.0 data separately.

Analysis of imaging data—Temporal dynamics of the 
task-related activity
To quantify the temporal dynamics of the task-related activity, the 
time-to-peak value was calculated for each ROI as the duration 
from cue onset time to the peak coefficient time (the time when the 
regression coefficient reached the maximum magnitude). After-
ward, the median and variance of time-to-peak and the median of 
peak-value were taken for each session. This quantification was per-
formed for different regression coefficients (e.g., choice, outcome, 
and reinforcer) separately.

Analysis of imaging data—Information encoding of 
single ROIs
To examine the spatial patterns of task-related activity, we calculated 
the average regression coefficients over time for the current choice, 
current outcome, and current reinforcer (choice-outcome interac-
tion) separately for each session. We used the Pearson’s chi-square 
test for independence to test whether the event that a given ROI was 
modulated by one predictor was independent from the event that 
the same ROI was modulated by another predictor.

To compare the level of information integration between GRAB-
NE2h and GRABACh3.0 data, we calculated six conditional probabili-
ties that an ROI is modulated by one variable (v1) given that the 
same ROI is modulated by another variable v2 for each session, given 
by the equation

where N
(

v1&v2
)

 denotes the number of ROIs that were modulated 
by v1 and v2; N

(

v2
)

 denotes the number of ROIs that were modulated 
by v2; and v1 and v2 can be either cn, rn, or xn (v1 ≠ v2). The median test 
was used to determine whether the conditional probabilities of an 
ROI was modulated by one predictor given the ROI was modulated 
by another predictor were significantly different between the GRAB-
NE2h and GRABACh3.0 data because the median test is more robust 
with small sample size and less sensitive to asymmetry.

Analysis for auditory evoked responses
To obtain the mean auditory evoked responses, we first aligned the 
ΔF/F(t) based on the times of auditory stimulus onset and then calcu-
lated the PSTH over all 200 trials for each ROI. To examine the temporal 
dynamics of the auditory evoked response, the time-to-peak-ΔF/F 
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value was calculated for each ROI as the duration from cue onset time 
to the peak-ΔF/F time (the time when the PSTH reached the highest 
value). The decay time was the decay constant obtained by fitting the 
PSTH from the peak time to the end of trial (3 s after the cue time) to 
single exponential decay. Afterward, the median of time-to-peak and 
decay time were taken for each session.

Analysis for pupillary fluctuation
For plotting example traces of fluorescent and pupil signals, we 
smoothed the ΔF/F(t) and pupil z-score traces using a Gaussian ker-
nel with the MATLAB function smooth. To characterize the rela-
tionship between ΔF/F(t) and pupil z-score, we first determine the 
cross-correlation between ΔF/F(t) and pupil z-score from lag of −2 
to 2 s for each ROI, then determine the maximum cross-correlation 
value within this lag range, and lastly tabulate a histogram for the 
maximum coefficients for all ROIs separately for GRABNE2h and 
GRABACh3.0 data.

Analysis of imaging data—Effect of NE reuptake inhibitor on 
GRABNE2h dynamics
Time-lapse images acquired through the GRIN lens were corrected 
for x-y motion artifacts using NoRMCorre. For analysis, the first 30 s 
of imaging were discarded and regions of dense GRABNE2h expres-
sion in the central 80% of the imaged FOV were manually traced as 
ROIs (n = 51 desipramine; n = 59 saline) using a custom graphical 
user interface in MATLAB. Each ROI’s raw fluorescence trace was 
extracted as the pixel-wide mean within the ROI. The effect of NET 
blockade on the accumulation of extracellular NE was tested by 
comparing the initial 5 min of GRABNE2h fluorescence (normalized 
within-ROI to the average fluorescence in the first 20 s) between 
treatment groups using two-sample t tests for each imaging frame 
(Bonferroni-corrected for multiple comparisons). Fluorescence sig-
nals were also compared using power spectral density and spatial 
coherence after the detrending and z-scoring each ROI’s raw fluo-
rescence trace. Power density was calculated following Fourier 
transform using the fft function in MATLAB. Local spatial coher-
ence for each ROI and the bulk GRABNE2h signal was calculated 
across the same frequencies using the magnitude squared coherence 
estimate from mscohere in MATLAB. Differences in power spectra 
and coherence between treatment groups were tested using Wilcox-
on signed-rank tests for each 0.01-Hz bin between 0.001 and 15 Hz 
(Bonferroni-corrected for multiple comparisons).

Analysis for photostimulation
For the mouse’s probability to switch on the next trial, a multivariate 
ANOVA was performed for each condition (ChAT-Cre;Ai32 or 
Dbh-Cre;Ai32) to determine the effect of region and power or stim-
ulation. Tukey post hoc test was used as needed. For analyzing the 
mouse’s probability to switch as a function of number of trials since 
last stimulation (trial n), the probability for the mouse to switch 
choices on the first trial following stimulation (n + 1), second trial 
after photostimulation (n + 2), and so on, was calculated. We used 
only the subset of trials in which no photostimulation occurred up 
to the trial of interest. For analyzing session-wide metrics such as 
entropy, number of trials completed, and reward rate, a one-way 
ANOVA was performed for each condition to determine the effect 
of power or region. Tukey post hoc test was used as needed. For the 
simple choice task, a t test was performed to compare sessions with 
and without stimulation (3 mW versus 0 mW) for each condition on 

metrics of number of responses/switches, probability of choosing 
side with stimulation, and probability of switching on the next trial.

Animal numbers
For two-photon imaging, the dataset for matching pennies included 
47 sessions from five animals expressing GRABACh3.0 and 38 ses-
sions from four animals expressing GRABNE2h. Auditory evoked 
responses included seven sessions from five animals expressing 
GRABACh3.0 and seven sessions from seven animals expressing 
GRABNE2h. Spontaneous pupil fluctuation included 10 sessions 
from five animals expressing GRABACh3.0 and 7 sessions from seven 
animals expressing GRABNE2h. For photostimulation, the dataset 
came from seven ChAT-Cre;Ai32 and six Dbh-Cre;Ai32 mice. The 
varying power paradigm included 91 sessions from seven ChAT-
Cre;Ai32 mice and 76 sessions from six Dbh-Cre;Ai32 mice. The 
varying region paradigm included 49 sessions from the same seven 
ChAT-Cre;Ai32 mice and 41 sessions from the same six Dbh-
Cre;Ai32 mice. The simple choice task included 8 sessions from four 
ChAT-Cre;Ai32 mice and 12 sessions from six Dbh-Cre;Ai32.
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This PDF file includes:
Figs. S1 to S8
Tables S1 to S10
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