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Abstract

Neurological disorders are considered the main cause of death and disability worldwide [1] in part due to the lack
of information and understanding of how exactly the brain works. Progress made over the last decades revealed
the importance of decision-making behaviour impairment in several mental disorders [2], and thus comprehending
this behaviour is one of the chief goals of cognitive neuroscience. The study of the decision-making process in
neuroscience has supported itself in foraging behaviour tasks to mimic the real-world decision process [3, 4], as it
requires value-based strategies to evaluate and decide in a world containing various possible options [5]. In this
work, mice performed a recent foraging task – flipping task – to test for the contributions of distinct prefrontal
cortex (PFC) regions to the process of decision-making. The Anterior Cingulate Cortex (ACC) and the Orbitofrontal
Cortex (OFC), which are two anatomically interconnected areas of the PFC, were inactivated through GABAergic
interneurons’ optogenetics stimulation in a VGat-ChR2 transgenic mouse line. The ACC and the OFC are associated
with distinct yet sometimes overlapping roles in value-based decision-making tasks. However, it was possible to verify
that both areas impact differently in the same behaviour. Evidences suggest ACC to be an important modulator
in evidence accumulation, whereas OFC impairment translates in the disruption of the behavioural strategy. The
flipping task proved to be efficiently designed to differentiate distinct brain regions functions and observe their impact
in behavioural adjustments based on reward probability and travel cost variations.

Keywords: Value-based decision-making, Foraging, Flipping Task, VGat-ChR2 mouse line, Optogenetics,
prefrontal cortex (PFC), Anterior Cingulate Cortex (ACC), Orbitofrontal Cortex (OFC)

1. Introduction

1.1. Decision-making and Value-based Tasks

The process of decision-making can be decomposed in four
general steps: the recognition of the situation - or state
-, the evaluation of action candidates - or options -, the
selection of the option in reference to one’s needs and the
re-evaluation of the chosen action, based on the outcome.
Individual goals reflect the decision maker’s physiological
and economical needs, but also external factors impact
in the decision process. The environmental stochastic dy-
namics limit strongly our predictability of the future state,
and the further ahead one tries to predict these hidden-
states, the more difficult it becomes to succeed in this
prediction [6].

One of the types of decison-making we can investigate
- and accordingly design tasks to study it - is the value-
based decision-making. Value-based tasks consider a com-
plex set of situations where there is no single correct action
and variables of the environment cannot be controlled by
the subject [7]. This class of tasks is also associated with
the psychological state of ”uncertainty”, since the under-
lying state of the environment is unknown to the decision
maker [8].

In this light, the subject must adopt a strategy aimed at
the maximization of the reward intake and for that several
reward- and internal-related variables need to be evaluated
[9]. For instance, these variables include the intention to
make an action, the likelihood of that action resulting in

a reward, the integration of perceptual signals that inform
if that action will be rewarded, the probability and mag-
nitude of reward associated with that specific action, the
memory of the past action- and stimuli-outcome history,
or some combination of all these factors [10, 11, 12].

In other words, a value-based decision-making task re-
quires the subject to consider the different attributes of
all available options, assess the value of each of those at-
tributes and combine all these attributes into one coherent
value representation that allows comparison with the other
possible options [9]. This description comprises the main
elements of foraging [3, 4], reason why this is one of the
most used model-behaviours for studying this process [13].

Over the past decades several studies gave rise to the
general consensus that reward magnitude and value attri-
bution is represented in a small number of well-identified
brain regions, interestingly, brain areas implicated in
reward-seeking processes like foraging – the Basal Gan-
glia, the Anterior Cingulate and Orbitofrontal Cortices
[14, 15, 16] and eventually the Lateral Intraparietal Area
(LIP) and Dorsolateral Prefrontal Cortex (dlPFC) areas
[11, 12].

1.2. ACC in the decision-making processes

In foraging tasks, animals must decide whether it is worth
acting at all or evaluate whether it is worth continuing to
engage in the current behaviour or to explore the existing
alternatives. This decision-making pattern is recurrently
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associated to ACC [17, 18].

Manipulations of the ACC affect subject’s ability to ini-
tiate actions in the first place [19], their interpretation
of action associated benefits and costs [20] and promotes
action switching in relation to their values or to explore
the alternative choice [21, 22, 23]. Evidence accumulation
before switching was found to be analogous to the neu-
ral integrate-to-threshold mechanism, where higher gains
in neuronal responses lead to a faster decision threshold
achievement and increased travel-associated costs decrease
neuronal gains rate to reach decision threshold [24].

In sum, we can easily find ACC associated with
economic-value decisions, where it is implied in outcome
monitoring and comparison as well as action associated
values updating [25] for behaviour adjustment towards ex-
ploration contrarily to exploitation [17]. However, it might
also reflect choice difficulty and alert/control engagement
against default activity [26, 27]. Malfunctions in ACC are
often associated with clinical diagnoses of depression, ad-
diction, obsessive-compulsive disorder among others [28].

1.3. OFC in the decision-making processes

Discoveries in the OFC are often demonstrated experi-
mentally either in reversal learning tasks or using rein-
forcer devaluation strategies [29, 30]. Results reveal that
the acquisition of new associations is not affected by OFC
lesions, but only for updating previously to lesion learned
associations [31, 32].

Thinking of value-based decisions, OFC is linked to the
process of value assignment, specifically coding for the dif-
ferent types of assignment related to a particular reward-
type [33]. It is also considered a critical structure when
decisions depend on the association of stimuli with re-
inforcement [34] and is identified as a distinct source of
information integrator region that can provide outcome
predictions based on confidence monitoring processes [35].

Generally, OFC is described as a powerful integrator
based on perceptual evidence and memory that can have
a crucial influence in value-based decision processes and
learning [31, 36]. Also, because decision confidence is im-
portant for computing this value of decision outcome, it
is believed that this region can monitor this same confi-
dence level[35, 37]. Damage in human OFC has been de-
scribed has enabling people to measure the consequences
of their actions, such as in anti-social personality disorder
[38]. Hyperactivation of the OFC combines in obsessive-
compulsive behaviour and action-overthinking.

1.4. Optogenetic brain manipulation

In 1979, Francis Crick noticed one of the major necessities
of neuroscience: to have a ”method by which all neurons
of just one type could be inactivated, leaving the others
more or less unaltered” [39, p. 122]. Because of their lack
of specificity for cell type and lack of temporal precision
on the timescale of neural coding and signalling, respec-
tively, electrodes and drugs were excluded for this effect
over the years. At the same time, several techniques and
scientific findings aligned on what ended up being called
”optogenetics” [40, 41].

Optogenetics is a combination of genetic and optical
methods that allow to achieve gain or loss of function of
well-defined events in specific cells of living tissue, that
not just neurons. It essentially lies on three core features:
microbial opsins, the optogenetics actuators, neural en-

gineering, for cell type-specific manipulation and neuron
illuminaton, for spatiotemporally-resolved photostimula-
tion [42].

1.4.1 Optogenetics stimulation in ChR2-positive
GABAergic interneurons

Although different subcellular compartments of the cor-
tical pyramidal (Pyr) cells are inhibited by distinct
GABAergic neurons, the experimentally used GABAer-
gic antagonists have too general action [43]. Thus, to
overcome this weakness and enable selective manipula-
tion of specific interneurons types for inhibition transmis-
sion, Atallah and his colleagues directly manipulated the
activity of a genetically identified type of inhibitory in-
terneurons to affect Pyr cells in response to visual stimuli.
This was done targeting parvalbumin (PV)-expressing in-
terneurons expressing Arch-GFP and ChR2-tdTomato, to
respectively suppress and increase cell activity [44].

Relying on optogenetics, they found that PV cells per-
fom a linear operation on the response of Pyr cells in layer
2⁄3 of mouse V1. Simply said, PV cell spiking activation
with ChR2 proteins linearly decreased Pyr cells activity,
and the opposite for the Arch protein. In ChR2, max-
imum suppression of the Pyr cells means approximately
zero spikes [44].

The described inhibition mechanism is the same used in
the VGat-ChR2 trasngenic mouse line.

2. Materials and Methods

All experiments and procedures were reviewed and per-
formed in accordance with the European Union Direc-
tive 2010/63/EU and the Champalimaud Centre for the
Unknown Ethics Committee guidelines, and approved
by the Portuguese Veterinary General Board, Direção-
Geral de Alimentação e Veterinária (DGAV), approvals
0420/000/000/2011 and 0421/000/000/2016.

2.1. Animal Subjects

Twenty adult male mice from the in-house breeding colony
were used, 10 for the ACC inactivation experiment and 10
to the OFC inactivation experiment. Because of optoge-
netic control, we used a mouse-line expressing an improved
light-sensitive Channelrhodopsin-2/EYFP fusion protein
(mhChR2::YFP).

Each inactivation experiment was performed on 10

VGAT-ChR2-EYFP line 8 transgenic mice
[
B6.Cg-

Tg(Slc32a1-COP4*H134R/EYFP)8Gfng/J
]
, from Jack-

son Laboratory [45]. For the ACC experiment, 7 heterozy-
gous (Het) and 3 Control animals were used, while in the
OFC we used 6 Het and 4 Control animals.

All animals were between ages 2 to 4 months old by
the date of surgery, after which all animals were individu-
ally housed and kept under a normal 12 h light/dark cycle.
Mice motivation was obtained via water deprivation hav-
ing ad libitum food, both during training and testing. In
the course of the experiments, animals’ body weight was
always kept higher than 85% of the initial weight.

2.2. ACC and OFC Surgeries

All surgical procedures for fibre implantation were carried
out under aseptic conditions. Antibiotic (Enrofloxaxin,
5 mg kg−1) and analgesic (Buprenorphine, 0.1 mg kg−1)
drugs were administered and dehydration was prevented
by regular saline injection. Animals’ eyes were covered
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and protected by application of optical gel (Dexamytrex,
0.3 mg g−1 dexamethasone +3 mg kg−1 of gentamicin). In-
halation of isoflurane (Vetflurane®, Virbac) was used as
anaesthesia at 3 % during induction and 1 % to 2 % during
surgery, with a 1.5 % mixture with O2 and a flow rate of
0.8 L min−1.

During procedure, adjustments of isoflurane were made
according to paw withdrawal reflex, and a body temper-
ature of 37.5 ◦C was maintained. After craniotomy, zir-
conium fibre-optic cannulae (MFC 200/230-0.48 3mm
ZF1.25(G)-FLT) were stereotactically (KOPF NEU-

ROSTAR Stereotaxic) implanted according to ACC and
OFC procedures, using a mouse brain atlas [46]. Fixation
to the skull was done with dental cement (Super-Bond
C&B).

ACC Procedure cannulae were implanted with a
±16 ◦ angle in each hemisphere targeting ACC brain re-
gion (anterior/posterior (AP): +1.90, media/lateral (ML):
±0.50, dorsal/ventral (DV): +1.75 from skull surface).

OFC Procedure cannulae were implanted vertically in
each hemisphere targeting right above OFC brain region
(AP: +2.90, ML: ±1.25, DV: +1.80 from skull surface).

2.3. Water Deprivation
In this work, animals were water deprived for three days
prior to training, where day one was the removal of the
water bottle and in the next two days they received con-
trolled amounts of water: 800 µL and 600 µL, respectively.
After training initiation, water availability was restricted
to the behavioural sessions. On resting days, the mice al-
ways received 800 µL and 600 µL of water, on day one and
on day two, respectively.

2.4. The Flipping Task
The flipping task, inspired in the switching task [47], con-
sisted of tracking a single hidden variable in two mutually
exclusive states - the left and right reward states - which
corresponds to two distinct reward ports. At a certain
point, poking on only one of the two reward ports is poten-
tially rewarded - only one of the ports is on the high-state
of reward.

The goal of the subject is to predict in which state it
is - decision report is made by staying or switching ports.
This prediction is based on stochastic evidence. Each port
in the high-state gives 4 µL size reward with probability
PREW. Furthermore, ports can change states with proba-
bility PTRS – the port that was in the high-state alters to
the low state, means PREW equals zero, and the port that
was in the low-state starts being potentially rewarded.

A sensor inside each port detects the animal’s nose and
validates the action as a poke when it stays in the port for
at least 100 ms uninterruptedly. A series of consecutive
pokes on one port was defined as a streak or a trial. Each
session had a fixed duration of 25 min.

2.5. Optimal Performance
Being a foraging decision-making task, the aim is to op-
timize the reward rate. For that, subjects need to infer
the hidden-state of the environment - are rewards on the
left port or on the right port? -, and subsequently decide
on their action – stay on the same port or switch. This
statistical inference process is based on a series of rewards
and omissions – evidences -, that give the subject informa-
tion to calculate the instantaneous probability at a given
time. Additionally, it requires establishing an appropriate

threshold value for each situation that reflects the chang-
ing point - reward probability is so low that I am willing
to switch ports.

But the way we interpret these signs is the key to cor-
rectly solve this problem. On one hand, rewards always
indicate that the port is on the high-state, since they
can only be obtained in the correct port. For this, re-
wards should always reset our beliefs about the state, in-
dependent of previous outcomes or any manipulations, like
statistics or action cost. On the other hand, omissions can
signal two very distinct states – (1) an unlucky omission
poke, even though the port is on the high-state or (2) an
omission poke at a depleted port when states have transi-
tioned. For this, obtained omissions should be the factor
impacting the instantaneous probability calculation, and
subsequent behaviour adjustment to different environment
manipulations.

Equation 1 describes the probability ratio PR of being
in a low-state versus a high-state condition as a function of
the number of consecutive omissions after the last reward.

PR =
P (Low | n− 1)

P (High | n− 1
=

PTRS(1− PREW )

1− (1− PTRS)(1− PREW )

[
1

(1− PTRS)(1− PREW )

]n
− PTRS(1− PREW )

1− (1− PTRS)(1− PREW )
(1)

where PTRS is the port state transitioning probability, the
PREW is the reward probability and n is the number of
consecutive omissions after the last reward. We can also
calculate the instantaneous reward probability (PINST )
for the next poke at the same port as a function of the
number of consecutive omissions after the last reward (n),
knowing that the last poke was rewarded [Equation 2].

(PINST )n−1 =
(
1− PTRS

)n+1(
1− PREW

)n
PREW (2)

Note that the exponents of both terms are different as
the last rewarded poke before a series of omissions could
have already induced a state change.

Imperatively, the inferential process relies on the likeli-
hood of omission occurrence while in the high-state, which
is given by the probability of an omission at the correct
port (1− PREW ) and the probability of still being at the
correct port (1− PTRS).

It should be mentioned that the likelihood ratio de-
scribed in Equation 1 grows exponentially with the num-
ber of consecutive omissions after the last reward at a rate
equal to:

rlow/high = − log(1− PTRS)− log(1− PREW ) (3)

and the instantaneous reward probability (Equation 2)
declines exponentially at the same rate. In essence, both
described parameters are expected to impact probability
estimations on an equal basis.

2.6. Experimental Conditions
2.6.1 Statistics manipulation
The set of reward statistics was chosen for various reasons.
Firstly, because behaviour is normatively affected by omis-
sions with the exponential rate mentioned above (Equa-
tion 3), we expect to notice behavioural changes across the
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(a) (b) (c)

Figure 1: The flipping task. (a) Scheme of the experimental box used in the flipping task. A hexagonal black chamber
with two reward ports was used in this task. (b) The subject must infer the hidden-state of the task in the two
mutually exclusive ports. At a certain point in time, only one of the port is in the high state with reward probability
PREW . The port state can switch from high to low (no reward) with probability PTRS , time at which the high-state
transitions to the other port. (c) Typical trial of the flipping task, where the yellow squares represent rewarded
pokes, grey squares represent non-rewarded pokes while the port is still in the high-state and white squares represent
non-rewarded pokes when the port has already transitioned to the low-state.

entire dynamic range of PREW and PTRS , especially for
higher values. Secondly, as PINST is mathematical equally
affected by changes in PREW and PTRS , these two vari-
ables were modified orthogonally to allow parameter com-
parison when it comes to behavioural adjustment. More,
PREW should be enough to guarantee subjects engage-
ment during the task, as well as PTRS should be fixed
at somewhat high values (>20%) to produce an ample-
enough dataset by keeping the trials (or streaks) relatively
short.

Considering this, the three chosen statistics combina-
tions are presented in Table 1.

Table 1: Training an testing statistics used in the
flipping task for reward probability manipulation.
Reward manipulation statistics (Stats) chosen for this
work’s protocols of the flipping task. Each statistic, or
protocol, is composed of a reward probability PREW and
a transitioning state probability PTRS . The 90-30 and 30-
30 protocols were used for training purposes. The 30-30
and the 90-90 protocols were used for testing purposes.

Stats PREW PTRS

90 - 30 90% 30%
30 - 30 30% 30%
90 - 90 90% 90%

2.6.2 Travel distance manipulation

As seen before [24], evidence accumulation towards patch
switching decision is also influenced by the distance be-
tween the patches: increasing this distance reflects in a
greater effort (or cost) of travelling, delaying the decision
of leaving the initial patch. Hence, one other interesting
variable to manipulate in this experiment would be the dis-
tance that the mice had to travel between the two ports.
Such condition was achieved by placing a 12 cm long trans-
parent barrier between the ports, forcing the mice to go
around it when switching sides.

2.6.3 Training and Testing Calendar

For the training and testing stages, the mice were divided
into two blinds (two groups of 5 mice containing the same
Het/Control ratio).

The mice were first trained in the flipping task for nine
consecutive days, divided in two phases with two different

statistics: phase one consisted of the first four days with
PREW = 90% and PTRS = 30% and phase two consisted
of the next five days with PREW = 30% and PTRS = 30%.
Because the latter involved an additional level of difficulty,
which led to being more difficult to perform optimally, it
required an extra day of training. Also, the last two days
of training were done with the fibres connected to the can-
nulae and the masking light ON, so the mice would adapt
to these new characteristics of the environment previous
to actual laser stimulation. The size of reward during
training was 4 µL and the time of a session varied between
25 min to 35 min, with a minimum reward consumption
of 300 µL. After the training phase followed two days of
resting after which the experimental tests started.

For the tests, the mice performed three distinct exper-
imental blocks of eight days each, where the first two
days were executed without photostimulation, in con-
trast with the next six days. In between every eight-day
block, the mice experienced two resting days. Statistics
PREW = 30%, PTRS = 30% was assumed as the base-
line statistics – second block of testing -, and so the re-
ferred manipulations of the statistics and the travel cost
between ports were introduced in the first and third blocks
of the experiment – the first block consisted of the baseline
statistic with the barrier implemented and the third block
consisted of the PREW = 90%, PTRS = 90% statistics.

The last two blocks were counterbalanced, meaning the
other blind of animals started with the PREW = 90%,
PTRS = 90% statistics as block one and barrier imple-
mentation as block three.

2.6.4 Box Design
The experimental setup consisted of two black hexago-
nal chambers (approximately 15× 15× 15 cm) with two
reward ports [Figure 1(a)]. Approximately 4 µL of water
were delivered to the spout if a poke was determined to
be rewarded. Overhead, eight blue light emitting diodes
(LEDs) were used to mask photostimulation – ”masking
light” - and an overhead video camera (PlayStation Eye,
Sony, JP) was placed to monitor behavioural performance
during sessions (the videos were not taken for analysis pur-
poses). Interfacing with the camera was done using Bon-
sai framework [48]. Behavioural boxes control was assured
by a custom written script running on an Arduino® (Ar-
duino Mega 2560, Arduino LLC) and human interfacing
was made through a Python (Python Software Founda-
tion. Python Language Reference, version 2.7 and 3.5.)
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custom-written code.

2.6.5 Photostimulation

A 200 mW DPSS laser (Dhom Canada Co. Ltd) was used
to deliver blue light (473 nm) to the setup. The laser
output was controlled using an acousto-optic modulator
(AOM) of an Arduino board. To lead the light to the im-
planted fibre-optic cannulae, were used optic fibres patch
cords (200 µm diameter, NA 0.48, Doric Lenses Inc) and
a split fibre patch cord to enable the ACC and OFC bi-
lateral photostimulation. The power at the tip of the fi-
bres was calibrated to approximately 3.6 mW, considering
a maximum deviation power value of 10%. Trials were
photostimulated with a 50% probability during the ses-
sions, with pulses of 10 ms being delivered at 75 Hz for
selected brain areas’ excitation [44].

2.7. Histology

Cannula implantation site was confirmed via Magnetic
Resonance Imaging (MRI) technique. For that, a cryogen-
free permanent 1 Tesla Bruker ICON™ magnet was used,
with a gradient strength of 450 mT m−1. Due to the pres-
ence of head implants, a RF rat body coil was used. It
was equipped with a water heating system in-line with
a Thermo Scientific™ SAHARA PPO S5P Heated Bath
Circulator set at 51 ◦C to maintain the animal at approx-
imately 37.5 ◦C.

Animals were kept anaesthetized during the imaging by
isoflurane (Vetflurane®, Virbac) inhalation: 4 % for in-
duction and 2 % for the entire exam duration (1.5 % mix-
ture with O2 and a flow rate of 0.8 L min−1).

The magnet was operated using MRI software package
ParaVision® 6.0.1 pl3 ICON, with a T2 RARE program
set for collection of both coronal and transverse sectional
images of the brain. Regular histology will also be per-
formed.

2.8. Data Analysis

Behavioural data analysis was performed using custom-
written scripts in Julia-0.6.0. An interval from 10 to 60
streaks was chosen to be ideal for data analysis of the
behavioural results, once it represents the time when the
animals are engaged in performing the task.

Results were represented as mean±s.e.m and statistical
significance was accepted for p < 0, 05. The statistical
analysis was done in Julia-0.6.0 with Mixed-Models exist-
ing package, applying a linear mixed-effects model (lmm)
for random effects that follow a Gaussian distribution for
both unconditional and conditional distributions [49].

3. Results and Discussion

The results from the analysis of ACC and OFC inactiva-
tion behavioural experiments are showed and discussed in
this chapter.

3.1. Data Validation

As mentioned in section 2.6.3, the testing phase consists
of three blocks of eight days where the animals execute
the task for the three different chosen protocols, that
differ in the reward probability (PREW ), transition-state
probability (PTRS) and travel cost between the two ports
(presence or absence of a barrier). These protocols are
the (PREW = 90%, PTRS = 90%), the (PREW = 30%,
PTRS = 30%) and the (PREW = 30%, PTRS = 30%
with the addition of a 12 cm long barrier between the

two ports). From now on, these protocols will be referred
to as 90-90, 30-30 and 30-30 + Barrier for the sake of
abbreviation.
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Figure 2: General mouse behaviour while performing the
flipping task in the ACC and OFC inactivation experi-
ments. The consecutive omissions after the last reward
(COALR) are plotted as a function of the days of the ex-
periment for the two blinds, across mice for all sessions.
The plateaus correspond to the different protocols adopted
for the task, as indicated in the Figure. In light yellow,
non-stimulated sessions (considered adaptation sessions)
are indicated and each correspond to two days when the
mice go through behavioural adaptation to the new proto-
col, to the fibre connection to the implanted cannulae and
to the masking light of the Light-Emitting Diode (LED)
set placed on the box’s ceiling. In light blue, stimulated
sessions (or testing sessions) are indicated and each cor-
respond to six days of experimental testing of a certain
protocols under optogenetic stimulation. n = 10 mice for
each experiment.

In Figure 2 we can observe the general mouse behaviour
while performing the testing stage of the flipping task, for
both ACC [see Figure 2(a)] and OFC [see Figure 2(b)] in-
activation experiments, divided in two batches for counter-
balancing the protocols. In this study of mouse decision-
making process, we do not want to consider the learning
stage associated to this process. Hence, to analyse the
obtained dataset from both inactivation experiments, we
will only consider the steady-state behaviour sessions, i.e.
stimulated sessions of the testing phase of the different
protocols.
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3.2. Mice used in the ACC and OFC inactivation experi-
ments adjust their behaviour to the tested protocols

Mice are able to adjust their behaviour to the differ-
ent protocols tested, albeit reward and state transition
probabilities and travel cost manipulations. The same
adaptation occurred for the animals that underwent fi-
bre implantation surgery in the ACC and the OFC, in-
dependently of the optogenetic stimulation. Considering
both surgery groups, and solely the unstimulated trials,
we investigated whether the animals showed adaptation
to the distinct protocols testing for a significant differ-
ence in the number of consecutive omissions after the last
reward (COARL) among protocols using a linear mixed
model

[
lmm (COALR ∼ 1 + Protocols + (1 | Mouse),

p− value = 1e−99
]
.

3.3. Anterior Cingulate Cortex inactivation modulates ev-
idence accumulation in value-based decision-making
behaviour in mouse rodent model

3.3.1 ACC inactivation increases slows down evidence ac-
cumulation in mouse value-based decision-making
behaviour
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Figure 3: ACC inactivation increases mouse patience in
the flipping task. Probability Density Function (PDF) of
the consecutive omissions after the last reward for the het-
erozygous (Het) (a) and Control (b) animals performing
the flipping task during ACC inactivation sessions. Stim-
ulated trials are represented in blue shades and unstim-
ulated trials in black shades. The presented error bars
correspond to s.e.m across mice (n = 7 Het + 3 Control).

A difference was observed in Het animals behaviour be-
tween stimulated and non-stimulated trials. Stimulation
in Het animals increase COALR as shown by a shift to the

right in the COALR distribution [see Figure 3(a)]. This
genotype and stimulation interaction was significant for
every protocol

(
90− 90 : p− value = 1e−4;30− 30 : 1e−3;

30− 30 + Barrier : p− value < 1e−4
)
.

In any of the protocols, the effect was proved not to be
significant for stimulation independent of the genotype,
therefore a simple artefact due to the laser light cannot
explain the data.

The fact that animals were able to adjust their be-
haviour to the different protocols corroborates the idea
that the ACC is up to a certain extent responsible for the
integration of the action-outcome value representations –
engage value, search value and costs [34, 50]. In the flip-
ping task, the reward size is kept constant across proto-
cols, so the benefits weight is constant [51]. The ACC
must then use the weight of the cost associated with leav-
ing a certain port – travel cost – and the value of leaving
it too early - an error trial.

Then, it seems that the harder the protocol (i.e. the
decision), the more control is necessary in the ACC to de-
cide to switch to the alternative port. This idea resonates
with the theory that ACC considers the perception of the
difficulty associated to each protocol of the task and that
foraging and difficulty values have been mistaken among
them [26].

Overall, we can propose that the ACC slows down the
decision process independently of the environmental char-
acteristics, and favours the default behaviour, which is
staying engaged at the same port.

3.3.2 ACC inactivation maintains mouse hidden-state
notion in value-based decision-making behaviour

The hidden-state notion of the mice is not disrupted with
ACC inactivation in this task. The animals can effectively
reset the negative accumulation process every time they
receive a reward (see Figure 4). The observation that
the mean COALR in stimulated trial is independent (flat
slope) of the position of the last reward in Figure 4(a)
proves that the accumulation process is altered quantita-
tively and not qualitatively.

Likewise, we can conclude that the ACC does not dis-
rupt the mouse behaviour. It acts as a modulator of the
evidence accumulation process in the value-based decision-
making behaviour.

3.3.3 Scale invariance of the data is preserved albeit ACC
inactivation

According to Weber’s law, we expect the scaling of the
data to also be conserved in the stimulated trials of the
flipping task, that reflects in a linear correlation between
the standard deviation an the mean values of COALR.

In Figure 5 we can observe this representation for the
Het animals in the stimulated and unstimulated trials.
The linear variation of Standard Deviation (STD) with
the Mean is true, except for the 90-90 data, where we can
identify a small deviation. This has been seen before for
Poisson distribution models due to discretization of the
collected dataframes [52]. Nonetheless, we can still ob-
serve the linear pattern correlating STD and Mean values
of COALR in this task, and for the 90-90 statistics the
identified deviation is coherently present for both stimu-
lated and non-stimulated trials.
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Figure 4: ACC inactivation maintains mouse notion of the
hidden-state. Representation of COALR as a function of
the position of the last reward for the Het (a) and Control
(b) mouse groups. Stimulated trials are represented in
blue shades and unstimulated trials in black shades. The
presented error bars correspond to s.e.m across mice (n =
7 Het + 3 Control).

Het

0 3 6 9
0

1

2

3

MEAN

S
T

D

30-30, No Stim
30-30, Stim

90-90, No Stim
90-90, Stim

30-30 + B, No Stim
30-30 + B, Stim

Figure 5: Linear correlation between the Mean and STD
values of COALR in the ACC inactivation experiment.
Linear correlation indicates scale invariance preservation
of the collected dataset (n = 7 Het animals). Conservation
of this property for the 90-90 protocol is not so evident,
what is probably related to the binning of the data for this
protocol [52].

3.4. Orbitfrontal Cortex inactivation disrupts strategy in
value-based decision-making behaviour in mouse ro-
dent model

3.4.1 OFC inactivation alters behavioural strategy in
mouse value-based decision-making behaviour

0 5 10 15
0.0

0.1

0.2

0.3

0.4

0.5

COALR

P
D

F

30-30, No Stim
30-30, Stim
30-30 + B, No Stim
30-30 + B, Stim

90-90, No Stim
90-90, Stim

(a) Het.

0 5 10 15
0.0

0.1

0.2

0.3

0.4

0.5

COALR

P
D

F

(b) Control.

Figure 6: OFC inactivation alters mouse behavioural
strategy in the flipping task.PDF of the consecutive omis-
sions after the last reward for the Het (a) and Control (b)
mice Stimulated trials are represented in blue shades and
unstimulated trials in black shades. The presented error
shades correspond to s.e.m across mice (n = 6 Het + 4
Control).

When comparing the stimulated and the unstimulated
trials for the Het animals (see Figure 6), the effect interacts
differently with each protocol. The strongest and clearer
effect is the increase in the number of COALR in the 30-30
+ Barrier protocol (30-30 + Barrier: p − value = 1e−4).
Contrarily, the distribution of COALR suggests a slight
decrease in the same parameter for the 90-90 protocol (90-
90: p− value = 1e−2). There was no significant effect of
the stimulation in the baseline protocol (30-30: p−value =
n.s.). Control animals show no effect with the stimulus
[see Figure 6(b)], as expected.

3.4.2 OFC inactivation disrupts mouse hidden-state no-
tion in value-based decision-making behaviour

Focusing attention on Figure 6, the preservation of the
hidden-state notion is not apparent for the Het animals
[see Figure 7(a)], as the slope that relates the COALR
with the position of the last reward is not horizontal. This
happens for the 30-30 + Barrier protocol, as well as for
the 90-90 protocol, where the slope also seems to have
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changed when compared to the control group.
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Figure 7: OFC inactivation disrupts mouse hidden-state
notion in the flipping task. Representation of the consec-
utive omissions after the last reward as a function of the
position of the last reward for Het (a) and Control (b)
animals performing the flipping task during OFC inacti-
vation sessions. Stimulated trials are represented in blue
shades and unstimulated trials in black shades. The pre-
sented error bars correspond to s.e.m across mice (n = 7
Het + 4 Control).

The normative solution involves a complete reset in the
integration of COALR after a reward delivery. Therefore,
the presence of a non-flat slope in Het animals [see Figure
7(a)] indicates that the mice strategy to change sides has
changes and is now probably also depending on the reward
history.

Indeed, for the 30-30 + Barrier protocol, it is visible
an increase in the number of COALR whenever the mice
received a bigger total number of rewards per trial (Figure
8). Also this effect seems to interact non-linearly with
the difficulty of the protocol. The effect of inactivation
of the OFC in the 90-90 protocol appears, once again,
reversed – rewards seem to be more important for the
mouse inference of the hidden-states of the task when the
OFC is intact.

Moreover, the OFC inactivation does not seem to have
any effect in the 30-30 protocol, suggesting the interesting
possibility that a specific quantity computed by OFC plays
a more or less central role depending on the environment
statistics, in a way that does not scale linearly with the
difficulty.
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Figure 8: OFC inactivation alters mouse notion of the
hidden-state. The number of COALR varies with the vari-
ation of the number of consecutive rewards the mouse re-
ceives in a trial (n = 6 Het). This effect can be observed
for the 30-30 + Barrier in the positive direction and for
the 90-90 protocol in the opposite direction.

In face of these results, we can assume that the strat-
egy of the mice when performing the flipping task strongly
involves the OFC region to be computed. The simple in-
activation of this area enables to quickly investigate and
potentially exclude the involvement of different brain re-
gions in a given task. Nevertheless, to better define and
precisely clarify what role this region plays in decision pro-
cess, it requires the use of different approaches capable of
monitoring the natural activity of the neurones during the
task.

3.5. Histology Results
In this work, histological evaluation of the fibre implant
location was performed through MRI scanning of the
mice brains. For each mouse, coronal- (see Figure 9)and
transverse-section image slices of the brain were fitted to
the atlas [46] to determine the exact coordinates of the
cannulae implantation.

ACC cannula coordinates were identified to be ranging
from AP +1.68 to +1.93, ML ±0.20 to ±0.80 and DV +1.75
to +2.00, while OFC cannula coordinates were identified
to be ranging from AP +2.50 to +3.00, ML ±1.05 to ±1.27
and DV +1.70 to +1.90, which correspond to the targeted
areas.

(a) Coronal section. (b) Coronal section.

Figure 9: MRI histology example images for ACC and
OFC inactivation experiment mice. Histology was per-
formed in living mice after all the experimental tests using
a T2 Rare customized program. Transverse and coronal
images for examples mice of the ACC and OFC inactiva-
tion experiments were used to confirm cannulae position-
ing in the brain.
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4. Conclusions

Work from the World Health Organization has shown that
neurological disorders are the leading source of years of life
lost to death or disability, affecting up to one billion people
[1, 41].

Decision-making is recently a major focus in cognitive
neuroscience, in part because its impairment is strongly
associated to several mental disorders [2]. Tremendous
progress has been made in comprehending the mechanisms
underlying decision-making – the elaboration of succes-
sive paradigms that allow the transposition of the essential
questions to the laboratory [17, 53, 54], the insurgence of
brain manipulation techniques that enable the testing of
those questions [40, 55, 56], the restriction of search to a
small number of brain regions [22, 25, 57] and construction
of computational models that help in the understanding of
the steps realized in the brain [27, 58]. Nonetheless, con-
nections between these elements, to enable possible ther-
apeutic applications, remain unclear.

Therefore, this work aimed to test a novel foraging
task’s capacity to reliably distinguish different brain re-
gion’s roles in decision-making behaviour. For that, two
PFC regions pointed to be relevant for the performance of
the behaviour of interest were chosen - the anterior cin-
gulate cortex (ACC) and the orbitofrontal cortex (OFC)
[59, 60]. Optogenetic inactivation (see section 1.4.1) of
both areas was conducted in separate batches of a trans-
genic VGat-ChR2 mouse line (see section 2.1).

For the ACC inhibition experiment, the animals in-
creased significantly the number of omissions performed
after the last reward (COALR) for the three presented
protocols [see Figure 3(a)]. Additionally, it was possible
to verify that the animals did not lose their notion of the
existence of hidden-states in the task, as they continued
to reset omission-pokes counting for every received reward
[see Figure 4(a)]. These results revealed ACC to be a
modulator of the accumulation of evidence process, that
favours the default action / behaviour when inactivated
[17, 60].

In the OFC inactivation experiment, animals signifi-
cantly increased the number of COALR for the harder
protocol and decreased it for the easier protocol presented
[see Figure 6(a)]. There were no significant changes in
behaviour for the baseline protocol (30-30). Also, the
hidden-state notion of the OFC-inactivated animals were
corrupted [see Figure 7(a)], as the reset of evidence accu-
mulation was no longer verified for every collected reward.
The value animals attributed to omissions and rewards
changed – on the harder protocol, animals associated an
increased value to the rewards when stimulated, whereas
the opposite occurred for the easier protocol (see Figure
8). Hence the OFC appears to compute some central quan-
tity whose absence has strong impact in the computation
of the decision process in ways that change in respect of
the environment difficulty.

In face of these results, we can conclude that the flipping
task has shown to be sensitive enough to discriminate the
contribution of distinct brain regions of a rodent perform-
ing the same value-based foraging task. Furthermore, it
allows the observation of the different strategies adopted
in the different situations (probability of reward and travel
cost variations) and signals up to what extent the studied
brain regions interfere in the process of decision-making.

Eventually, this task would need some adjustments to
enable the study of this behaviour in a real-time scale.
This could be done by introducing animal’s positioning
and time tracking during the performance, so to calculate
interpoke-intervals and travel speed between ports, imedi-
ately providing more and valuable information about the
decision-making behaviour. Analysis of such factors could
be useful to explore animal’s confidence level associated to
their choice [35, 37].

Nevertheless, even with these modifications, the flipping
task could not reveal ACC and OFC true relevance for the
decision-making process. To better define and precisely
clarify what roles these regions play in this behaviour, it
requires the use of different approaches and tasks, capable
of monitoring the natural activity of the neurones.

Future goals in the ACC research could contemplate
a task design capable of disambiguate foraging and dif-
ficulty values representation, two popular yet contradic-
tory theories proposed for its function [17, 26]. For the
OFC, one can consider that the reason why its inactivation
disrupted mouse behaviour lies with the learning and re-
learning paradigm [31, 32]. Then, it would be interesting
to test for OFC response in a reversal learning environ-
ment. Electrophysiology recordings in both areas would
be highly beneficial for understanding these regions.

To conclude, this work is not just a contribution for
the differentiation of two PFC regions in a value-based
foraging task. It is also an input in characterizing the
elements that compose decision-making behaviour and one
of the billions of steps in the long path to unravel the real
mechanisms and functions of the brain.
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