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Abstract

Elucidation of how neuromodulators influence motivated behaviors is a major challenge of neuroscience research. It has been
proposed that the locus-ceeruleus-norepinephrine system promotes behavioral flexibility and provides resources required to face
challenges in a wide range of cognitive processes. Both theoretical models and computational models suggest that the locus-
cceruleus-norepinephrine system tunes neural gain in brain circuits to optimize behavior. However, to the best of our knowledge,
empirical proof demonstrating the role of norepinephrine in performance optimization is scarce. Here, we modulated norepi-
nephrine transmission in monkeys performing a Go/No-Go discrimination task using atomoxetine, a norepinephrine-reuptake
inhibitor. We tested the optimization hypothesis by assessing perceptual sensitivity, response bias, and their functional relation-
ship within the framework of the signal detection theory. We also manipulated the contingencies of the task (level of stimulus
discriminability, target stimulus frequency, and decision outcome values) to modulate the relationship between sensitivity and
response bias. We found that atomoxetine increased the subject’s perceptual sensitivity to discriminate target stimuli regardless of
the task contingency. Atomoxetine also improved the functional relationship between sensitivity and response bias, leading to a
closer fit with the optimal strategy in different contexts. In addition, atomoxetine tended to reduce reaction time variability. Taken
together, these findings support a role of norepinephrine transmission in optimizing response strategy.

Keywords Monkey - Atomoxetine - Discrimination - Signal detection theory - Line of optimal response

Introduction

The locus ceeruleus-norepinephrine (LC-NE) system is cur-
rently viewed as a key component of behavioral flexibility
(Aston-Jones et al. 1999; Bouret and Sara 2004), energizing
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behavior during cognitive and/or physical effort (Robbins
1997; Raizada and Poldrack 2007; Bouret and Richmond
2009; Malecek and Poldrack 2013; Kalwani et al. 2014;
Varazzani et al. 2015). For instance, the LC activity is posi-
tively modulated by the level of difficulty in a context
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involving a reward/effort trade-off (Varazzani et al. 2015),
suggesting an involvement of the NE system in mobilizing
resources to face challenges (Raizada and Poldrack 2007;
Bouret and Richmond 2015). Accumulating evidence in be-
havioral studies manipulating NE transmission has demon-
strated its impact on a variety of cognitive processes (Coull
et al. 1995; Doucette et al. 2007; Robinson et al. 2008;
Decamp et al. 2011; Baarendse et al. 2013). For example,
atomoxetine, a NE-reuptake inhibitor that increases NE avail-
ability in the synaptic cleft, was found to improve executive
control in healthy subjects performing a response inhibition
task (Chamberlain et al. 2009). Both theoretical and compu-
tational models suggest that the LC-NE system tunes neural
gain in brain areas to optimize cognitive processes (Servan-
Schreiber et al. 1990; Aston-Jones and Cohen 2005; Eldar
et al. 2013; Devilbiss 2018). We recently reported NE-
dependent brain network reorganization with a reduction in
functional connectivity within and between several networks
at rest (Guedj et al. 2016). Similar tuning of brain activity
could be dependent upon the LC-NE system to optimize cog-
nitive processes (Harris and Thiele 2011; Rodenkirch et al.
2019). Optimizing refers to the refinement of response selec-
tion to maximize reward rate, depending on the context (Gold
and Shadlen 2007; Bogacz 2007); (Summerfield and Tsetsos
2012). To date, direct empirical evidence demonstrating
whether the NE-mediated effects reflect optimization of the
performance, as suggested by the theoretical and computation-
al models (Brown et al. 2005; Shea-Brown et al. 2008;
Eckhoff et al. 2009), is scarce. Providing such evidence will
help clarify the role of NE in cognitive functions.

Here, we tested the optimization hypothesis by assessing
perceptual sensitivity and response bias—within the frame-
work of signal detection theory (SDT) (Green and Swets
1966; Wickens 2001)—in monkeys performing a Go/No-Go
discrimination task. Typically, sensitivity refers to the aptitude
at discriminating a target stimulus in a noisy background,
while bias reflects the extent to which one response (e.g.,
“target present”) is favored compared with another (e.g., “tar-
get absent”). In addition, we implemented Lynn and Barrett’s
(2014) framework describing a functional relationship be-
tween sensitivity and bias that can be mathematically de-
scribed as the line of optimal response (LOR) (Lynn and
Barrett 2014; Lynn et al. 2015). This functional relationship
considers the level of signal/noise interference (i.e., how hard
or easy it is to discriminate the target stimulus) and is influ-
enced by the outcome value of the task (i.e., the cost/benefit
balance of each response type) and the target frequency (i.e.,
rate of signal occurrence). The LOR thus defines the amount
of bias that maximizes ufility (i.e., the net benefit earned over a
series of responses) at any given sensitivity level for a specific
environmental context. Here, we examined monkeys’ perfor-
mance in a Go/No-Go discrimination task after injection of
atomoxetine (ATX). In addition, we manipulated the task
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contingencies (i.e., level of signal/noise interference, target
frequency, and outcome values) to modulate the relationship
between sensitivity and bias measures. We also examined
whether ATX modulated response time. Based on the optimi-
zation hypothesis, we predicted that enhancing NE transmis-
sion would modulate the functional relationship between sen-
sitivity and response bias to bring the animals’ performance
closer to the LOR.

Methods
Subjects

Four female rhesus monkeys (Macaca mulatta, 7 to 15 years
of'age, 6 to 10 kg) participated in this study. Animals had free
access to water and were maintained on a food regulation
schedule, individually tailored (70-90 kcal/kg/day) to main-
tain a stable level of performance for each monkey. Work
complied with European Union Directive 2010/63/EU and
was approved by French Animal Experimentation Ethics
Committee #42 (CELYNE).

Experimental setup

Monkeys were seated in a primate chair approximately 10 cm
in front of a 19 in. high-resolution touchscreen. Stimuli were 13
Latin letters, white on a black background (size 10 x 10 cm),
appearing one-by-one at the center of the touchscreen. The
whole experiment, i.e., the presentation of the stimuli, delivery
of reward, and behavioral data acquisition was controlled by
Presentation® software (https://www.neurobs.conv).

Behavioral task

The task was a Go/No-Go continuous performance task
designed to assess the ability to discriminate a target with-
in a series of distractors (Decamp et al. 2011). The mon-
keys were trained to place their right hand on a starting
point lever affixed to the chair to initiate the task and keep
it running. The task consisted of a series of 200 letters
(Fig. la). For each series, one letter, the one appearing
first, was the target, while the other 12 possible letters
served as distractors. The monkey was required to touch
the target (Go response) and to refrain from touching the
distractors (i.e., to keep the hand on the starting point
lever; No-Go response). Several 200-letter series were
presented per testing session, each with a different target.
Within each series, target and distractors were pseudo-
randomized in order to enforce a target frequency of ei-
ther 30% or 70% target letter presentations per block of
50 letters (Fig. 1b). A letter was presented for a maximum
of 1 s. Correct responses led to a reward consisting of 1—
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15 drops of the animal’s favorite among a choice of slur-
ries (applesauce, banana smoothie, vanilla milkshake,
etc.). Incorrect responses were followed by a 3-s time out.

The Go/No-Go continuous performance task named here the
“reference task” used as follows: (1) the presence of letter
distractors, (2) a low target frequency (30%), and (3) unbal-
anced outcome value—50-ms valve opening time for each cor-
rect response to the rare target (HIT) and 35-ms valve opening
time for each correct response to the frequent distractors (cor-
rect rejection (CR)). A longer valve opening time leads to a
larger amount of reward compared with shorter valve opening
time. To manipulate the task contingencies, hence the relation-
ship between sensitivity and bias measures, we designed three
“contrast” conditions of the task as follows (Fig. 1a): (1) an
interference contrast replaced letter distractors by a black
screen, (2) a target frequency contrast used a high target fre-
quency (70%) with a reversal of the amount of reward attributed
to correct responses compared with the reference task, and (3)
an outcome value contrast where CRs were unrewarded and
HITs were rewarded by a large amount that corresponded to a
valve opening time of 150 ms.

Monkeys CE and CA were tested on one version of the task
(the outcome value contrast). Monkeys LI and CI were tested
on the other three versions of the task (the reference task, the
interference contrast, and the target frequency contrast) pre-
sented in pseudo-random order within and between sessions.
Each testing session was composed of a variable number of
200-letter runs (according to the monkey’s willingness to per-
form the task). As detailed in Table 1, monkeys completed 4 to
8 sessions. Each session lasted on average between 30 and
60 min. Each daily session ended when the monkey stopped
responding during 10 consecutive min.

Drug administration

After stable baseline performance was established,
atomoxetine, a NE-reuptake inhibitor (ATX, Tocris
Bioscience, Ellisville, MO) and saline (control) adminis-
tration sessions began. The experimenter administered in-
tramuscular injections of ATX or saline 30 min prior to
testing (Gamo et al. 2010; Seu et al. 2009). For monkeys
CI and LI, we tested four doses of ATX: 0.1, 0.5, 0.75,
and 1.0 mg/kg. Each dose was administrated during
1 week, each separated by at least 7 days of washout.
The smallest efficient dose in these two animals
(0.5 mg/kg; see “Statistical Analysis” below and Fig. 1c)
was then administered to the other two monkeys (CA and
CE) with the following protocol per week: 1 day of ATX
administration followed by 2-day washout and 1 day of
saline control condition. Each monkey completed 4 to 5
ATX sessions with the 0.5 mg/kg dose and 4 to 8 saline
sessions. The drug administration schedule for each ani-
mal is detailed in Table 1.

Data analysis

We first computed, for each monkey and each task contrast
condition, the HIT (% Go correct) and CR (% No-Go correct)
rates per 50-trial blocks. We then computed a perceptual sen-
sitivity index (d-prime—Eq. (1)) (Stanislaw and Todorov
1999), reflecting the subject’s ability to discriminate targets
from distractors, and a response bias index (c—Eq. (2))
reflecting the subject’s tendency to respond by a “Go” or a
“No-Go” (Stanislaw and Todorov 1999), two parameters tak-
en from signal detection theory.

d = &' (HIT proportion)—® ' (False alarm proportion) (1)

@' (HIT proportion) + &' (False alarm proportion)
2

(2)

The &' function is the inverse of the normal cumulative
distribution function.

A c value significantly superior to 0 reflected a “No-Go”
bias whereas a ¢ value significantly inferior to 0 reflected a
“Go” bias.

Finally, we examined the median and standard deviation of
the reaction times (RTs) for each 50-trial blocks. The standard
deviation of RTs allowed assessing block-by-block variability
in reaction times.

Relationship between sensitivity and response bias:
distance to the line of optimal response

We then investigated the relationship between sensitivity and
bias. We estimated the /ine of optimal response (LOR) for
each task contrast, i.e., the amount of bias that will maximize
utility (maximize benefits and minimize costs) over d-prime
values (i.€., Coptima) (Eq. (3)) (Lynn and Barrett 2014). Note
that any given set of environmental target frequency and out-
come values lead to a specific LOR. The optimal bias was
defined as follows:

lo )
Coptimal = g(ﬂc}lﬁm’lal) (3)

where Bypima value (Eq. (4)) could be calculated from the
target frequency and outcome values (Tanner Jr. and Swets
1954):

-« —a
ﬂoptimal = u X ((}i_m)) (4)

«

where « is the target frequency and j, a, 4, and m are the
outcome values for correct rejections (CR), false alarms
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(FA), correct detections (HIT), and missed detections (MISS),
respectively. Importantly, the outcome values’ array (j, a, A,
m) was defined similarly across monkeys as objective values
(Lynn etal. 2012; Lynn and Barrett 2014). Within this context,
it is reasonable to assume that the benefits and costs associated
with the different task contingencies could be ranked based on
the objective outcomes from the lowest value to the highest
value as 3-s wait (3-s time out) and no juice, 1-s wait and no
juice, small amount of juice (valve opening time of
35 ms), middle amount of juice (valve opening time of
50 ms), large amount of juice (valve opening time of
150 ms). As such, the overall goal of the present experi-
ment focused on the ability of ATX to change the per-
ceiver’s distance to our estimate of the objective LOR
rather than computing subjective utilities or individual,
subjective LORs. For Eq. (4), we chose outcome values
depending on the outcome values contrast conditions. We
assigned the actual valve opening times in milliseconds to
correct responses leading to a liquid reward, 0 for correct
responses leading to no reward (1 s wait and no juice) and
— 10 to incorrect responses leading to a penalty time and
no reward (3-s time out). Thus, for the elements (j, a, A,
m) of Eq. (4), we used (35, — 10, 50, —10) for the refer-
ence task and interference contrast task, (50, — 10, 35, —
10) for the target frequency task where in addition to
changing the frequency of target occurrence, we also
rewarded CRs more than HITs responses, and (0, — 10,
150, —10) for the outcome value contrast task, where
reward was only delivered for correct “Go” responses.
Then, we evaluated the Euclidean distance to the LOR
for each pair of d-prime and ¢ values to characterize
how the monkeys adjusted their bias to their level of sen-
sitivity (Lynn and Barrett 2014).

Statistical analysis

Selection of the smallest efficient dose of ATX The smallest
efficient dose of ATX was determined in the reference task
using the sensitivity index as an indicator of the subjects’
performance, as in previous literature (e.g., Coull et al.
1995). We computed d-prime values in the reference task for
monkey CI and LI (Fig. 1c). Then, for each dose, d-prime
values were normalized as the percent change from saline
control condition:

Individual A scores

d - . iy
(ATX dose condition) (mean of saline condition)

= x 100

'
|d (mean of saline condition) |

One sample ¢ tests were performed to determine whether
these individual A scores significantly differed from 0.
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Generalized linear mixed models We examined the effect of
the smallest efficient dose of ATX on the different variables
computed above (i.e., HIT and CR responses, sensitivity, re-
sponse bias, LOR, median and standard deviation of the reac-
tion times) for each monkey, using generalized linear mixed
models (“Imer” R-package). The predictor tested was the
pharmacological condition, and for monkeys LI and CI, we
also used the task contrast as an additional predictor. The term,
sessions, was also included in the model as a random inter-
cept. Post hoc comparisons were carried out using pairwise
comparisons through the “emmeans” package for R (p-adjust-
ed with the false discovery rate method (Lenth 2016). The
behavioral data and the scripts are available as supplementary
materials.

Results
Baseline performances

As shown in Table 2, in the control (saline) condition, the
performance of the animals ranged from 57 to 100% cor-
rect for the HIT responses and from 69 to 92% correct for
the CR responses. Two animals (LI and CI) were tested on
three different versions of the task as follows: (1) the
reference task with a low target frequency (30%) and
distractors, (2) the interference contrast with a low target
frequency (30%) and distractors, and (3) the target fre-
quency contrast with a high target frequency (70%) and
with distractors. In the saline condition, we found that,
compared with the reference task, removing distractors
or increasing the target frequency significantly enhanced
performance, improving CR responses (F(2,29.31)=
17.35, p<0.001 and F(2,56.93)=6.53, p<0.01, respec-
tively for monkeys CI and LI). It also significantly im-
proved the sensitivity index for monkeys LI (F(2,56.99) =

Fig. 1 Behavioral task—a The reference task (i.e., 30% of target stimuli P>
with distractors and larger reward for HITs (correct Go responses to
targets) compared with correct rejection (correct No-Go withholding of
response to distractors) and the other 3 task contrasts. Compared with the
reference task, the other three variants of the task differed as follows: the
interference contrast (black screens in place of letter distractors), the target
frequency contrast (70% of target stimuli and smaller reward for HIT
responses compared with correct rejection responses), and the outcome
value contrast (increased reward for HIT responses and no reward for
correct rejection responses). b Timeline of the task. A session was divided
into runs that consisted of 200-letter series presented at a pace of 1 Hz.
Each 200-letter series were pseudo-randomized in blocks of 50 letters,
resulting in four blocks per run. ¢ ATX dose-response curves (mg/kg) for
sensitivity, for monkeys LI and CI. Results are plotted as mean + SEM
(one sample # test on A scores, i.¢., percentage change from saline control
condition (dotted blue boxes)—***p value < 0.0001; **p value <0.001;
*p value <0.05). The smallest efficient dose was based on the perfor-
mance in the reference task (orange boxes)
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7.63, p<0.01) and significantly modulated the response
bias in both animals (F(2,28.89)=19.45, p<0.001 and
F(2,56.98)=13.64, p<0.001, respectively for monkeys

CI and LI). These results indicate that reducing interfer-
ence and response inhibition improved performance and
modulated the response strategy.

a Reference task
& Distractor ﬂ 200-letter-serie
‘ Target
30%
Interference contrast Target frequency contrast Outcome value contrast
© Black screen “ “ Distractor qq Distractor uq
‘ Target ¢ Target .‘ Target
30% 70% 30%
Session
1run
Run 2 eee _ 200-letter-serie
Block 1 Block 2 Block 3 Block 4 Block 1 Block 2 Block 3 Block 4 1 block )
=50 pseudo-randomized
letters
c monkey Cl monkey LI
3.5- , FX¥ R
* XK
*KR¥
%% é/qj
30-
*¥% /
B _4{
> =
b=l
> >
f*; v 25- \/
e £
A s
T
*%
20-
O Reference task
M Interference contrast
15. Target frequency contrast

ATX 0.5 ATX0.75 ATX 1 SALINE ATX 0.1

ATX 0.1

SALINE

ATX 0.5 ATX0.75 ATX 1
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Table 1 Drug administration schedule
Week
number 1 2 3 4 5 6 7 8 9
Saline ATX 0.1mg/kg ATX 0.5mg/kg ATX 0.75mg/kg ATX 1.0mg/kg
Monkey CI (4 sessions, Washout (4 sessions, ‘Washout (4 sessions, Washout (4 sessions, Washout (5 sessions,
36 blocks) 72 blocks) 104 blocks) 68 blocks) 92 blocks)
Saline ATX 0.5mg/kg ATX 0.1mg/kg ATX 0.75mg/kg ATX 1.0mg/kg
Monkey LI (5 sessions, Washout (5 sessions, Washout (4 sessions, Washout (4 sessions, Washout (5 sessions,
60 blocks) 112 blocks) 68 blocks) 124 blocks) 156 blocks)
Da;
Y 1 2 3 4 5 6|7
number
Monkeys
Saline Saline ATX 0.5mg/k;
CA&CE gke

Monkeys CI and LI were tested with either saline or ATX throughout a week, that included 4 to 8 sessions. The numbers in parenthesis indicates the
numbers of blocks completed by each monkey for a given condition. Gray boxes represent washout periods, not included in the data analysis

Monkeys CE and CA were tested with either saline or ATX on different days across the week. Gray boxes represent days not included in the data analysis
(washout periods). [Monkey CA: 8 saline sessions, 132 blocks - 4 ATX sessions, 109 blocks, Monkey CE: 8 saline sessions, 201 blocks - 4 ATX sessions,

116 blocks]

Effect of ATX on response type, bias, and sensitivity

Smallest efficient dose of ATX We then tested the effect of four
ATX doses on the performance of monkeys CI and LI. The
results on the animals’ response types (HIT and CR responses)
for all the task contrasts and ATX doses are provided in
Table 2. They show that both HIT and CR responses were
differently modulated depending on the dose of ATX and
the task contrast. The CR responses were significantly modu-
lated by the pharmacological condition in both animals
(F(4,356.47)=4.12, p <0.01 and F(4,488.81)=16.68, p <
0.001, respectively for CI and LI) and the HIT responses were
significantly modulated by the pharmacological condition in
monkey CI (F(4,356.43) =13.07, p < 0.001). To determine the
smallest efficient dose of ATX, we computed a normalized
sensitivity index (see “Statistical Analysis”). As shown in
Fig. lc, for monkey CI, the sensitivity to discriminate target
from distractors was significantly impaired under ATX
0.1 mg/kg (t3y=—2.1, p<0.05), whereas it was improved
for the three other doses compared with the saline (control)
condition (all p values <0.005; #3,=5.4, #5,=6.4, and
t27)= 3.6, respectively for the doses 0.5, 0.75, and 1.0 mg/kg).
For monkey LI, all ATX doses significantly improved the
sensitivity compared with saline condition (all p values <
001, 1(23) = 31, t(39) = 30, t(43) = 58, and 1(55) = 103, respec-
tively for the doses 0.1, 0.5, 0.75, and 1.0 mg/kg). Based on
these results, we selected the ATX dose of 0.5 mg/kg as the
smallest efficient dose for both animals. The other two mon-
keys, CA and CE, were only tested under 0.5 mg/kg ATX and
the saline condition.

Sensitivity The boxplots in Fig. 2 (left panels) illustrate the
sensitivity of each monkey and task contrast in both saline
(blue) and ATX 0.5 mg/kg (orange) conditions. After ATX
administration, the sensitivity to discriminate target stimuli
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was significantly improved in three out of four monkeys, re-
gardless of the task contrast (monkey CI, F(1,134)=6.03, p <
0.05; monkey LI, F(1,165.84)=15.99, p <0.001; and mon-
key CA, F(1,238.68)=34.23, p <0.001). In monkey CE,
which reached ~90% correct on both HIT and CR responses
in the saline condition, ATX did not improve sensitivity
(F(1,280.55)=2.14, p =0.14).

Bias and response type Figure 2 (right panels) illustrates the
response bias of each monkey and task contrast in both saline
(blue) and ATX 0.5 mg/kg (orange) conditions. ATX signifi-
cantly affected the response bias in two of the four monkeys
(i.e., monkeys LI and CE), regardless of the task demand. In
both of these animals, boosting NE transmission tended to
reduce or suppress the bias toward Go responses and/or in-
crease the bias toward “No-Go” responses (F(1,165.49)=
44.51, p <0.001 and F(1,305.92)=12.92, p <0.001, respec-
tively for LI and CE). Accordingly, for these animals, mon-
keys LI and CE, only the CR responses were improved under
ATX (post hoc comparisons are provided in Table 2 showing
significant differences between saline and ATX 0.5 mg/kg for
CR responses—p < 0.05—and no differences for HIT re-
sponses). For the other two monkeys, CI and CA for which
ATX did not significantly change the response bias, we ob-
served a significant improvement for the HIT responses (post
hoc comparisons are provided in Table 2 showing significant
differences between saline and ATX 0.5 mg/kg for HIT re-
sponses—p < 0.01). Monkey CA also improves its CR re-
sponses (F(1,152.14)=56.63, p <0.001).

Taken together, our results show that increasing NE avail-
ability improves sensitivity when the level of interference,
response inhibition, or the outcome values are manipulated
and could in addition influence the animals’ response bias
by either reducing their bias toward Go responses and/or in-
creasing their bias toward “No-Go” responses. We did not find
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Table 2 Monkeys’ response types for all experimental conditions

% CR

% HIT

Monkeys

Task contrast

ATX 0.5 mg/kg ATX 0.75 mg/kg ATX 1 mg/kg

ATX 0.1 mg/kg

ATX 1 mg/kg Saline

ATX 0.1 mg/kg ATX 0.5 mgkg ATX 0.75 mg/kg

Saline

88+8 80+10

88+8

8110 70+15%
T7+£19 89+ 10%**

92+8

97 + 5k
98+6

99 & 4wk
96+ 8

95 £ 10%**
95+11

87+17
96 +9

87+17
98 +4

CI

Reference

05 + gk
92+6

03 + 9k
85+7
99 + 2%
70+ 14

89 & |27k

92+5

LI

83 £ 9%
91+11

100 £ 1%

100£1
99+2
98+4

99 & 2%k
100+1
99+1

97 £ 6%*
99+5

89+16 96+6*

1000

CI

LI

Target frequency CI

Interference

99 + ]

98 + 4
73+£19

91+11

100+1
97+6

81 £9%*

69+10 83 +£12%*
8113 94+ gk

8014
91+8

98+4
99+3

95+11
99+1

88+ 10%*

87+10*

93 £ 10%**
90 + GH**

98+3

99+2

LI

67 £ 31%%*
89+19

57+36
8818

CA

CE

Outcome value

94 + G

Data are shown as means + standard deviation computed across blocks. HIT, correct detection; CR, correct rejection (post hoc comparisons: statistical differences between saline and each ATX condition.

##%p value < 0.001; **p value < 0.01; *p value < 0.05)

any interaction between task and pharmacological conditions
for response type, bias, or sensitivity.

Relationship between sensitivity and response bias:
Distance to the line of optimal response

To examine the relationship between the sensitivity scores and
the response bias and integrate them into the economic frame-
work of decision-making, we modeled the LOR depending on
the four task contrasts (see “Methods” for details). As shown
in Fig. 3, the task contrast modifies the relationship between
sensitivity and response bias resulting in different shapes of
the LOR. Regardless of the task contrast, the LOR follows a
general trend such that lower sensitivity scores are related to
more pronounced bias. By definition, the LOR is tightly
linked to the amount of expected utility (Lynn and Barrett
2014)—animals whose performance puts them closer to the
LOR should obtain a more optimal balance of rewards and
punishments.

We overlaid the animal performance (i.e., d-prime and ¢
values) on the modeled LOR to estimate the Euclidean dis-
tance to this LOR. The boxplots in Fig. 3 display the
Euclidean distances to a given LOR as a function of the task
contrast for each monkey in both saline (blue) and ATX
0.5 mg/kg (orange) conditions. First, we found that, in the
saline condition, the distance to the LOR varied across ani-
mals and was significantly impacted by task contingencies for
monkey LI (F(2,56.94) =7.88, p <0.001). Second, after ATX
administration, we found that the distance to the LOR was less
variable and decreased in three out of four monkeys (monkey
CI (F(1,134)=5.53, p<0.05), monkey LI (F(1,165.63)=
27.37, p<0.001), and monkey CA (F(1,239)=16.52,
p<0.001)). An interaction was found between task contrast
and pharmacological condition in monkey LI (#(2,165.35) =
3.51, p<0.05), revealing that ATX only affected the relation-
ship between the sensitivity scores and the response bias on
the reference task and the interference task contrast but not on
the target frequency contrast. Overall, our results show that
boosting NE transmission altered both sensitivity and re-
sponse bias and their functional relationship bringing the an-
imals’ performance closer to the line of optimal response.

Effect of ATX on reaction times

RTs tended to increase and/or their variability tended to de-
crease after ATX (0.5 mg/kg) administration in all four mon-
keys. Specifically, RTs significantly increased in three out of
four animals (monkey CI (F(1,131.38)=29.50, p <0.001),
monkey LI (F(1,165.16)=7.07, p <0.01), and monkey CE
(F(1,311.65)=5.01, p <0.05). RT variability decreased in
three out of four monkeys, as shown by the significantly
smaller standard deviation (Fig. 4) (monkey CI
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(F(1,132.88)=15.47, p <0.001), monkey LI (£(1,165.89)=
10.85, p <0.01), and monkey CA (#(1,205.09)=11.11, p <
0.01)). The only exceptions to the above finding about ATX
effects were (1) in monkey CE, an increased RT variability
(F(1,311.55)=5.20, p =0.02) and (2) in monkey CI, a RT
increase restricted to the interference and target frequency task
contrast (interaction (£(2,131.30)=4.42, p =0.01), and RT
variability decrease restricted to the reference task (interaction
(F(2,132.41)=18.48, p <0.001)).

Discussion

We tested whether the modulatory effects following ATX in-
jection in monkeys translate into an adjustment of the behav-
ior toward the line of optimal response, reflected in the func-
tional relationship between sensitivity index and response bias
(Lynn and Barrett 2014). The animals’ performances were
assessed in a Go/No-Go task under different task contingen-
cies where we varied the level of signal/noise interference, the
target frequency, and the outcome values. We found that
boosting NE transmission tuned the functional relationship
between sensitivity and response bias leading to a closer fit
with the optimal strategy in the different task manipulations
tested. Furthermore, under ATX, the subjects’ response time
tended to increase and show less variability. Altogether, these
findings support the hypothesis that enhancing NE availability
optimizes response strategies.
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Boosting NE transmission fine tunes
the functional relationship
between sensitivity and response bias

In agreement with previous reports, we confirm that boosting
NE transmission improved performance in a Go/No-Go task.
This effect has been documented in humans and monkeys, on
both correct detection (e.g. Coull et al. 1995; Decamp et al.
2011) and correct rejection (e.g. Usher et al. 1999). To tease
apart some of the main components of the decision process
that could be selectively affected by NE, we further manipu-
lated the task contingencies (level of interference, target fre-
quency, and outcome values) and analyzed perceptual sensi-
tivity and response bias, in addition to simple accuracies
(which confound the discriminability and bias elements of
performance; Lynn and Barrett 2014). In the control condition
(saline), increasing the level of interference and decreasing the
target frequency altered the animals’ performance (monkeys
LI and CI). After injection of ATX (a NE-reuptake inhibitor),
the animals’ sensitivity index improved in all task contingen-
cies. In other words, boosting NE transmission improves the
sensitivity to discriminate a target stimulus whether or not the
discrimination process involves interfering distractors, a rare
or frequent event, or different outcome values. Future studies
further manipulating the context might reveal NE-dependent
contextual specificities. Two not mutually exclusive mecha-
nisms might explain this pattern of results. The improvement
in the different task variants might reflect a general arousal
effect following ATX injection (Robbins 1997; Coull et al.
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Fig. 3 ATX effect on the distance
to the line of optimal response
(LOR)—Plots illustrating the
relationship between sensitivity
and response bias are depicted on
the left. The red line represents the
LOR for each task contrast, which
depends on both the target
frequency and the outcome values
of the task. Each dot represents
the average d-prime and ¢ values
for each block of a given task
contrast and pharmacological
condition (blue = saline and
orange = ATX 0.5 mg/kg) for
monkeys CI, CA (circles) and
monkeys LI, CE (triangles). The
ellipses surrounding the dots were
drawn using a confidence level of
0.5. Adjacent boxplots on the
right display the Euclidean dis-
tance to the LOR in each monkey
and task contrast, in blue and or-
ange, respectively for the saline
(control) and ATX 0.5 mg/kg
conditions
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Fig. 4 Standard deviation of reaction times—Box plots illustrate the
standard deviation of reaction times in each monkey and task contrast
under saline condition (blue) and ATX 0.5 mg/kg condition (orange). At
the center of the plots are represented the median of the standard deviation

of reaction times across blocks and dots represent outliers. Black stars
with arrow flankers indicate the main effect of statistical differences be-
tween saline and ATX 0.5 mg/kg conditions. (***p value <0.001; **p
value < 0.01; *p value < 0.05)
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2004; Berridge et al. 2012) and/or the mobilization of energy
or resources to face challenges (Raizada and Poldrack 2007,
Malecek and Poldrack 2013; Kalwani et al. 2014; Bouret and
Richmond 2015; Varazzani et al. 2015).

Does this improvement in terms of sensitivity scores
following ATX injection reflect optimization of the ani-
mals’ response strategy? To address this question, we
modeled the line of optimal response (LOR) for each task
contrast, which describes the amount of bias needed de-
pending on the subjects’ sensitivity. This relationship
varies with the task contingencies (perceptual aspects of
the decision and the outcome value associated with a given
choice). The four animals did not perform the tasks with
the same strategy in the control condition. Two animals
(monkeys CE and LI) reached a high response rate in both
HIT and CR responses while performances of the remain-
ing two animals were lower (between 60 and 80% correct
responses). As a result, ATX significantly modified the
bias in the two animals that performed more poorly on
CR compared with HIT responses (i.e., monkeys LI and
CE). As suggested by Lynn and Barrett (2014), a given
perceiver is able to adjust his bias to optimally accommo-
date his level of sensitivity. We found that ATX injection
helps promote this adjustment, as previously inferred from
the pupil size (Gee et al. 2014). In line with Lynn and
Barrett’s (2014) the proposal, we found that this adjust-
ment led to a closer fit of the performance with the LOR
defined by the contingency of the task. The Euclidean dis-
tance between the performance and the LOR was reduced
in the majority of the animals under ATX. One animal
exhibited a significant interaction between task contingen-
cy and pharmacological condition for the distance to the
LOR, suggesting that specificity based on the task at hand
might emerge following a boost in NE transmission and
future studies further manipulating the context might re-
veal NE-dependent specificities. Note that our experiment
focused on manipulating the task contingency to change
the perceiver’s distance to an estimate of the objective
LOR using ranked values (Lynn et al. 2012; Lynn and
Barrett 2014). While examining the relationship between
individual NE receptor polymorphisms and the perceiver’s
subjective distance to the LOR was beyond the scope of
the current study, our results demonstrate that ATX re-
duced the perceiver’s distance to an estimate of the objec-
tive LOR. In Lynn and Barrett’s (2014) terminology, ATX
might be changing the perceiver’s “subjective estimate” of
the objective payoffs such that the perceiver values the
payofts differently in the two pharmacological conditions.
It is equally possible that ATX affects the perceiver’s LOR
by altering subjective values rather than its bias or sensi-
tivity, per se. Optimization of behavior requires finding the
best adjustment based on the evaluation of the different
outcomes of given choices and the sensitivity and bias of
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the perceptual system and it is conceivable that the wide-
spread projections of the LC-NE system, especially those
directed toward the prefrontal cortex, influence or facilitate
such computations as discussed in the next paragraph
(Rich and Wallis 2016). Here, we suggest that the closer
fit with the LOR following the NE challenge provides ex-
perimental support in favor of the role of NE in optimizing
behavioral performance, in a constant environment. It
would be interesting in future studies to assess the effect
of ATX on individual’s subjective utility of gains and
losses by systematically varying the levels of gains and
losses and incorporating, for instance prospect theory, to
translate objective into subjective gain and loss differences
(Kahneman and Tversky 2012).

How does enhanced NE availability adjust
the performance in a perceptual
discrimination task?

The optimization of the response strategy found in the
ATX condition was accompanied in the majority of the
cases by increased RTs and/or decreased RT variability.
Increased RT measures could reflect a prolonged period
during which information about the stimuli is accumulated
before an option is selected (Bogacz et al. 2010). Trial-by-
trial variability is considered a hallmark of how we select
an option over multiple choices (Bellgrove et al. 2004;
Johnson et al. 2007). A recent study by Murphy et al.
(2014) found a correlation between variation in pupil di-
ameter (considered as a proxy of the LC activity) and re-
sponse time variability in perceptual decision-making in
humans. In humans and rats, a series of experiments have
demonstrated that NE agents (alpha-2-agonists or NE-
reuptake inhibitors) affect response inhibition and response
time variability (e.g. Bari and Robbins 2013). In the pres-
ent study, we also altered NE transmission with a NE-
reuptake inhibitor (ATX). In most of the task variants, the
target appeared in 30% of the trials such that in most of the
trials, the subjects were required to withhold their re-
sponse. The decision to go or not to go had to be taken
rapidly due to the frequency of stimulus presentation (=
1 Hz). On the one hand, the improvement in correct rejec-
tion (No-Go response) suggests that response inhibition
was improved under ATX (e.g. Robinson et al. 2008;
Chamberlain et al. 2009). On the other hand, the improve-
ment in the HIT and the narrowing of the RT variability
suggest an influence of ATX on attentional and/or deci-
sional processes (Gee et al. 2014; Murphy et al. 2016;
van den Brink et al. 2016). Within the framework of signal
detection theory, our results highlight an improvement of
the sensitivity to the target and the tendency of the animals
to either shift their response bias toward a No-Go response
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or reduce their Go bias under ATX leading to a closer fit
with the LOR. ATX acts by preventing the reuptake of NE
in cortical and subcortical regions, leading to an increase of
the post-synaptic effect of LC activation in each target
area. The resulting increase in NE availability is also ex-
pected to act on LC inhibitory autoreceptors (Aghajanian
et al. 1977) and reduce LC activity (Bari and Aston-Jones
2013). Our results suggest that together with a shift of the
performance toward the LOR, ATX could also alter trial-
by-trial variability in RTs. It is possible that this narrowing
in RT distribution reflects an adjustment of the LC activity
and neural gain to optimize performance (Servan-Schreiber
et al. 1990). This adjustment could result in changes in
functional connectivity at the whole-brain level, similar
to those that we recently reported at rest (Guedj et al.
2016). In line with our recent proposal (Guedj et al.
2017), the effect reported here on the performance and
response strategy optimization could be supported by
NE-dependent local-to-global modulations of brain dy-
namics that depends on the context (de Gee et al. 2017).

Conclusion

In the present study, implementing the utility-based approach to
the signal detection theory (Lynn and Barrett 2014) that inte-
grates both perceptual aspects of the decision and the outcome
value associated with a given choice, we provide empirical evi-
dence for a role of NE transmission in optimizing response strat-
egy in a constant environment. Boosting NE transmission mod-
ified the functional relationship between sensitivity index and
response bias leading to a closer fit with the optimal strategy in
different contexts. It also tended to reduce the variability in reac-
tion times. This neuromodulator, with widespread projections
onto virtually the whole brain, facilitates behavioral adaptation
in a variety of contexts. Here, we show that this facilitation results
in fine tuning of the functional relationship between perceptual
and decisional processes.
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