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Abstract

The dorsal medial and ventral medial prefrontal cortices (dmPFC and vmPFC) are involved in
executive function processes such as working memory, inhibitory control, and decision making. The
functions of these two regions have been extensively studied with the 5-choice serial-reaction time
task (SCSRTT) for many decades, however, all of the current literature has investigated what hap-
pens after the animal has already learned the SCSRTT: there is no current knowledge on what hap-
pens in the brain of a rat during the learning stages of the SCSRTT. Therefore, the aim of this study
was to characterize the training-induced development of neuronal activity of dmPFC and vimPFC in
the rat brain during the learning stages of the SCSRTT using fiber photometry. We found that the
dmPFC becomes more active in later stages of learning while the vmPFC becomes less active in later
stages of the SCSRTT. This difference reflects the different connections of these brain regions and it
may be caused by the development of different cognitive processes: the dmPFC is involved in motor
coordination and task accuracy, and it becomes more active as the task becomes more difficult;
whilst the vimPFC is involved in integration of sensory input and impulsivity, and it becomes less ac-
tive as the task becomes more habitual.

1 Introduction

The prefrontal cortex (PFC), defined as the rostral-most section of the frontal cortex, is in-
volved in cognitive processes such as working memory, inhibitory control, and decision making,
which are collectively known as ‘executive functions’ (Domenech & Koechlin, 2015). The PFC can
be considered ‘the goal-oriented cortex’ (Carlén, 2017) because it integrates information from the ba-
sal ganglia, subcortical and neocortical structures in order to orchestrate adaptive behavior (Kesner &
Churchwell, 2011). In the rat, the PFC is divided into three main anatomical regions: ventral, lateral
and medial (Heidbreder & Groenewegen, 2003). The medial PFC can be further subdivided into ven-
tral (vmPFC) and dorsal (dmPFC) subregions. The dmPFC constitutes the precentral (PC) and ante-
rior cingulate (AC) cortices while the vmPFC constitutes infralimbic (IL), medial orbital (MO) corti-
ces (Uylings & Van Eden, 1991). The prelimbic (PL) cortex is thought to be part of both dmPFC and
vmPFC, with no clear anatomical division between them, but rather a gradient of neuronal projec-
tions to basal and subcortical structures (Gabbott et al, 2005). (Figure 1)
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Figure 1. Coronal section of the rat’s prefrontal cortex. Adapted from McKleven (2015).

One of the most well-established paradigm to assess executive functions is the 5-choice se-
rial-reaction time task (SCSRTT) (Robbins, 2002), which has been used for decades because of the
relative ease of training animals and the great reliability of within-subject performance (Higgins &
Silenieks, 2017). In this task, the rats are placed in an operant chamber and are then required to scan
a horizontal array of five holes which are pseudorandomly illuminated 5 seconds after the animal ini-
tiates a trial. If the animal performs a nose poke in a timely manner, it is rewarded with a food pellet.
As the animal progresses through the learning stages, the time that the cue light is on, called the
‘stimulus duration (SD)’, is reduced in order to escalate the difficulty of the attentional task. During
the learning stages of the SCSRTT, the animal not only must learn the contingency of ‘poking the
right hole to get a reward’, but it must also desire the outcome and therefore perform the task cor-
rectly to achieve it — in other words, the animal needs to establish and pursue a goal (Dalley,
Cardinal, & Robbins, 2004). Within the SCSRTT paradigm, the functions of different mPFC subdivi-
sions have been studied for many decades using a variety of interventions, such as lesion studies,
electrophysiology and more recently chemogenetics, optogenetics and fiber photometry (Table 1).

Table 1. Summary of current SCSRTT literature on the mPFC, dmPFC and vmPFC.
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Intervention type mPFC

dmPFC

vmPFC

Lesion studies

Electrophysiology

Chemogenetics

Optogenetics

Fiber Photometry

Lesion decreases accuracy and in-
creases preservative responses

mPFC is active during the entire
prepatory phase©

Gamma oscillations relate to cue

presentation and correct responses,
theta oscillations relate to the wait-
ing period and response outcome °

Premature responses incur in neu-
ronal ramping activity earlier than
correct responses £

FS-PV neurons increase activity
after trial start, but activity is only
sustained in correct trials"
Activation of cholinergic neurons
increases attention; but overactiva-
tion leads to decreased accuracy’

Inhibition of PFC-projecting dopa-
minergic neurons decreases atten-
tion, but not impulsivity °
Inhibition of FS-PV neurons de-
creases accuracy; Excitation of FS-
PV increases accuracy "

Activation of PFC projecting sero-
tonergic neurons decreases impul-
sive responses; inactivation increas-
es impulsivity ®

PFC-projecting serotonergic neu-
rons increase activity during the
waiting period and upon reward
consumption

Lesion impairs accura-
cy, but has no effect on
impulsivity °

Lesion increases omis-
sions ©

ACC lesion decreases
accuracy and increases
omissions ¢

dACC is active during
anticipation of visu-

al cues - involved in
error-related events and
preparatory attention *

ACC drives claustrum
microcircuitry, which
in turn fires at the 1-to-
10 hz frequency and
closely relates to 5CS-
RTT performance’

Inactivation of JACC
increases omission/
response delay and
decreased accuracy *

Inhibition during the
entire preparatory stage
disrupts accurracy

Silencing ACC neurons
projecting to claustrum
decreases accuracy ™

Activity of ACC affer-
ents to claustrum was
increased prior to cue
presentation in correct
trials, not incorrect
ones |

Lesion decreases
accuracy briefly and
increases preservative
responses ®

Lesion decreases
accuracy ©

IL lesion decreases
response latency; in-
creases omissions and
preservative respons-
esd

Inhibition two sec-
onds before cue
presentation disrupts
accuracy; inhbition
during the entire
preparatory stage
increases accuracy '

a. Muir et al. (1996) b. Passetti et al. (2002) ¢. Maddux & Holland (2011) d. Chudasama et al. (2003) . Totah et al (2009) f.
Donnelly et al. (2014) g. Donnelly et al. (2015) h. Kim et al. (2016) i. White et al. (2018) j. Fisher (2018) k. Koike et al (2016) 1.
Luchicchi et al. (2016) m. Panicker (2016) n. Wang (2017) o. Boekhoudt et al. (2016)
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Lesion studies have been used for many decades because of the relative simplicity of the sur-
gical process. The underlying premise of this type of study is that ablations of certain brain regions
are related to subsequent changes in behavior. Muir, Everitt, & Robbins (1996) found that an overall
ablation of the mPFC leads to a decrease in accuracy and increase in preservative responses, demon-
strating that the mPFC mediates some aspect of attentional selectivity and behavior flexibility. A few
years later, the same group demonstrated the functional distinction of mPFC regions: damaging the
dmPFC impairs accuracy but does not change impulsive responses, while damaging the vmPFC de-
creases accuracy and increases preservative responses (Passetti, Chudasama, & Robbins, 2002).
Maddux & Holland (2011) found a different result: vmPFC ablation leads to an increase in incorrect
responses, while dmPFC ablation increases omissions. Chudasama et al. (2003) specifically showed
that IL lesioning induces premature responses, OFC lesioning leads to preservative responses and
ACg lesioning leads to deficits in attentional selectivity. Although lesion studies were commonplace
for decades, they are strongly limited by within-subject irreversibility and non-specificity, since le-
sion agents such as quinolinic acid degenerate excitatory and inhibitory neurons, as well as both cell
bodies and axons. Furthermore, ablation of certain brain regions may induce compensatory mecha-
nisms, such as overactivation of connected areas, which could potentially be the cause of a change in
behavior instead of the damaged region itself (Fuster, 2015).

Electrophysiology studies also have been a standard in behavioral research for decades,
mainly due to their great temporal resolutions. Totah et al. (2009) used electrophysiology to show
that the dACC is active during the anticipation of visual cues and when error-related events occur,
while the mPFC is active during the preparatory period only. Donnelly et al. (2014) discovered that,
in the mPFC, gamma oscillations are related to cue presentation and correct responses, while theta
oscillations are related to the waiting period and response outcome. The same group later showed
that: (1) neurons in the mPFC signal the trial outcome only after an action was performed; (2) there is
a ramping activity in mPFC neurons during both correct and premature trials, however premature re-
sponses incur in ramping activity earlier than correct responses (Donnelly et al 2015). Kim et al.
(2016) demonstrated that fast-spiking parvalbumin neurons increase activity after trial start, but activ-
ity is only sustained in correct trials. Elaborating on this finding, White et al. (2018) demonstrated
that ACC drives claustrum microcircuitry with both parvalbumin positive and negative interneurons;
claustrum activity in the 1-to-10 hz frequency closely relates to ACC activity during the SCSRTT.
The main disadvantage of electrophysiology compared to other techniques is their non-specificity in
distinguishing different neuronal populations. (Carter & Shieh, 2015)

In the past decade, chemogenetics and optogenetics became a new gold-standard of behav-
ioral research. Both techniques have strong advantages over other interventions: the expression of
DREADD:s or light sensitive receptors can be very specific to a subpopulation of neurons, both tech-
niques provide within-subject reversibility and great spatial resolution (Carr, de Vries, & Pattij,
2018). However, these techniques also have disadvantages: the uneven expression of receptors due to
a limitation of efficiency in transfection and the unknown effect of the activating mechanisms (either
CNO or light) in the brain (Campbell & Marchant, 2018; Frank et al., 2016). Using chemogenetics,
Koike et al. (2015) showed that inactivation of the dACC during SCSRTT leads to an increased num-
ber of omissions and greater response delay and a decrease in accuracy. Boekhoudt et al. (2016)
showed that activation of PFC-projecting dopaminergic neurons leads a decrease in accuracy, but has
no effect on impulsivity. Fisher (2018) showed that both activating cholinergic neurons in the mPFC
increases attention, but overactivating the same neurons leads to a decrease in performance. Using
optogenetics, Luchicchi et al. (2016) demonstrated that optogenetic inhibition of vmPFC for two sec-
onds before cue presentation stage was enough to disrupt accuracy, while the dmPFC needed to be
inhibited during the entire preparatory stage to hamper performance - interestingly, inhibition of the
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vmPFC for the entire preparatory stage resulted in an increase in accuracy. Panicker (2016) found
that silencing claustrum-projecting ACC neurons lead to a decrease in attentional performance. Kim
et al. (2016) found that silencing fast-spiking parvalbumin neurons in the mPFC lead to decreased
performance in the 3-CSRTT, and enhancing this neuronal subpopulation caused an increase of task
accuracy, indicating that FS-PV neurons are related to goal-driven attention processing.

In summary, the rat vmPFC and dmPFC have distinct anatomical connections and mediate
different cognitive functions: the vmPFC has seems to be involved in attentional and response selec-
tion functions, which has been extensively demonstrated using paradigms other than the SCSRTT
(De Bruin et al., 1994; Ragozzino, Wilcox, Raso, & Kesner, 1999) - in particular, the infralimbic and
prelimbic cortices seem to have opposing functions in directing proactive behavior (Hardung et al.,
2017). On the other hand, the dmPFC seems to mediate the coordination of action and motor se-
quencing behaviors (Otani, 2004), and the AC in particular seems to be highly active when cognitive
conflicts arise. (De Wit et al., 2006; Seamans, Lapish, & Durstewitz, 2008)

Although there are many studies that have analyzed the mPFC after the rat has learned the
5CSRTT, there is no literature on the changes of this brain region during the process of learning the
paradigm. This constitutes a significant knowledge gap because it is known from previous studies,
using different paradigms other than the SCSRTT, that the PFC is more active during learning stages
of an activity and it becomes less active when the actions to perform the task become habitual, as evi-
denced by electrophysiology (Barnes et al., 2005), pharmacological (Coutureau & Killcross, 2003)
and fiber photometry (Kupferschmidt et al., 2017) studies. This lack of knowledge can in part be at-
tributed to limitations in technology: methods to analyse neuronal activity in vivo, in real-time and in
freely moving animals — such as fiber photometry and the miniscope — were made viable only in the
past decade (Girven & Sparta, 2017).

Fiber photometry, the technique of choice for this study, is a technique that optically records
calcium ion transient activity, which serves as a well-established proxy for neuronal activity (Chen et
al., 2013). Even though FP lacks cellular resolution, it is a great technique to analyze synchronous
activity dynamics within a specific brain circuit (Resendez & Stuber, 2015). Wang (2017) used the
technique to demonstrate that PFC-projecting serotonergic neurons increase activity during the wait-
ing period and upon reward consumption in the SCSRTT. In the context of SCSRTT, White et al.
(2018) used FP to demonstrate that the activity of claustrum-projecting ACC neurons increases be-
fore cue presentation in correct trials, but not incorrect trials.

The aim of this study was to investigate what are the changes in patterns of neuronal activation
in the dmPFC and vimPFC in the rat brain during the learning acquisition stages of the SCSRTT. We
expected to observe: (1) A difference in patterns in dmPFC and vmPFC due to their different connec-
tions to other brain regions; (2) A change in the signal as the rats advance though the learning stages
and the task difficulty increases and (3) A decrease in calcium transient activity in both vmPFC and
dmPFC once the rats have mastered the task, since habits require less cognitive processing than the
learning stages of goal-directed actions (Smith et al., 2014).

2 Materials and Methods
Animals

11 Male Long Evan rats (Janvier Labs, France; 10 weeks old at the start of the experiments)
were used in this study. The Long-Evans strain was chosen because these rats learn cognitive tasks
faster than both Sprague-Dawley (Turner & Burne, 2014) and Wistar (Ambrogi Lorenzini,
Bucherelli, Giachetti, & Tassoni, 1987) strains — although they are more aggressive and difficult to
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handle. All animals were housed individually, in an environment with controlled temperature (21 + 2
°C) and humidity (50-55%) on 12-hour light/dark reversed cycle (lights OFF: 7 AM). Animals were
individually housed and put on food restriction one week before the learning task while maintaining
85-90% of the free-feeding body weight in order to increase motivation of the learning task. Water
was given ad libitum.

The animal ethical care committee of the VU University and VU University Medical Center
approved all experimental procedures, which were in accordance with European and Dutch law.

Stereotaxic surgery

Before surgery, the animal was anesthetized with isoflurane (5%), placed on a heated pad and
head-restricted using a stereotaxic device in a flat skull position. Body temperature was kept at 36.5
degrees. Anesthesia was applied before the start of the surgery (systemic: buprenorphine 0.05 mg/kg
and carprofen Smg/kg subcutaneous injections; and local: lidocaine subcutaneous injections). The
head was shaved, disinfected with iodopovidone and the scalp skin was retracted. One 1-mm hole
was drilled above the mPFC. In the dmPFC group, virus injections were done under a 10 degree an-
gle at AP +2.76mm; ML £1.49 mm; DV —2.94 and —2.84 mm relative to bregma; in the vmPFC
group, they were made at AP +2.76 mm; ML £0.5 mm; DV —4.65 mm from bregma. Viruses
pAAVS5-hSyn1-GCaMP6m ~2.4 x 10> Gml!(UPenn Vector Core) were infused at 138 nl/min using
a Nanoject II and a glass injection pipette (Drummond Scientific). Three guide screws were attached
to the skull, and a chronic fiber optic cannula (Doric) with a diameter of 400 um and 0.48 numerical
aperture was inserted in the rat brain. The fiber optic cannula was implanted via the same hole as the
viral injection and it was fixed to the skull using UV-cured dental cement (RelyX, 3M). After sur-
gery, rats stayed on the same heated pad until ambulatory and were then individually housed in their
home cage.

5-choice serial-reaction time task (SCSRTT)

Before each session, the sleeve on top of the animal’s heads was cleaned with ethanol 70%.
The rats were then placed in a standard 5-hole operant chamber (MedAssociates, Fairfax, Vermont
USA), which were located inside of a sound-attenuating and ventilated cubicle to minimize distract-
ing noises and smells from the room. The optic fiber was attached to a patch cable that included a fi-
ber photometry-optimized rotary joint (FRJ 1x1 FC-FC, Doric), the fiber was attached to the rats’
head using plastic mating sleeves (ADAF1 and ADAF2, Thorlabs). During the trials, the animals re-
ceived 45 mg food reward pellets (Dustless Precision pellets, BioServ), which are more palatable
than their normal chow diet (Envigo Teklad 2016). The operant chamber interfaced with custom
hardware and behavioral data was captured by the Software Med Associates 1V.

In the SCSRTT, there are 4 possible types of responses: correct, incorrect, premature and omis-
sions (Figure 2). Correct responses are characterized by a timely nose poke in the illuminated hole (a
window of 3s starting at the moment of cue presentation), while incorrect responses occur when rats
perform a nose poke in the incorrect hole (one of the four holes that were not illuminated). Incorrect
responses are followed by a time-out period, in which the house light fully illuminates the cage for 5
seconds as a mechanism of negative reinforcement (Barker et al., 2010). The performance accuracy is
defined by the ratio between correct divided by correct + incorrect responses. Omissions occur when
the animal starts a trial and does not perform a nose poke in one of the apertures in a timely manner,
which are also followed by a time-out period. Premature responses happen when the rat starts a trial,
but it performs a nose poke before any of the holes were illuminated, and it also incurs in a time-out.
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Collect Time-out
food reward (5s)

Trial start
(nose poke in
food magazine)

Premature
response

Correct Stimulus Incorrect
response (16 to15s) response
192 ﬁ -

193  Figure 2. Flowchart of possible responses in the SCSRTT. Adapted from Bari, Dalley & Robbins
194 (2008).

195 This study used a SCSRTT learning paradigm with 9 stages (Table 2). In stage 1, the animals
196  received pellet rewards immediately after a nose poke, to ensure that they associate the food reward
197  with the magazine location. In stage 2, all five holes are illuminated and a nose poke in any of them
198  is rewarded, which creates the contingency between nose poking in the apertures and the food re-
199  ward. In stage 3, only one hole is illuminated, and an incorrect nose poke incurs in a time-out period.
200  In these first three stages, there are no omissions or premature responses. In all subsequent stages,
201  each trial has a defined stimulus duration after the trial start and the stimulus duration became in-
202  creasingly shorter. Rats progressed through the next stage after they have done more than 50 trials
203  with an accuracy greater than 80% and less than 40% of omissions — this threshold of omissions was
204  previously established by Luchicchi et al. (2016), it is significantly higher than most literature — 40%
205  against 20% — since the animals have their performance hampered by the cable attached to their

206  heads.

207  Table 2. Definition of learning stages and progression criteria of the 5-choice serial-reaction time
208  task.

ITI(55)

Level Session Reward Time  SD (s) ITI (s) Progression criteria
(min)  Duration  Out
(s) (s)
1 30 5 - - - Magazine training (over 50
trials)

2 30 5 5 0 5 Over 50 trials

3 30 5 5 0 5 Over 50 trials

4 30 5 5 16 5 =50 trials

>80% accuracy
<40% omission
5 30 5 5 8 5 >50 trials
>80% accuracy
<40% omission
6 30 5 5 4 5 =350 trials
>80% accuracy
<40% omission
7 30 5 5 2 5 >50 trials
>80% accuracy
<40% omission
8 30 5 5 1.5 5 =50 trials
>80% accuracy
<40% omission
9 30 5 5 1 5 =50 trials
>80% accuracy
<40% omission

vITI 60 5 S 1 5/7.5/15 Animal must complete 7
sessions
vSD 60 5 5 1/0.5/0.2 5 Animal must complete 3
209 sessions
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Fiber photometry

Fiber photometry (FP) is a method which uses a single optical fiber to excite genetically en-
coded reporters and transmit the excitation light back along the same cable to a photodetector. In this
study, we used a calcium indicator, GCaMP6, which is a recombinant protein formed from the fusion
between GFP, calmodulin and M13. It was first developed in 2001 (Nakai, 2001) and several genera-
tions of the protein have been developed over the last two decades, improving pharmacological pa-
rameters and signal to noise ratio. In this study, we used the sixth generation of GCaMP — GCaMP6 —
which was developed using high-throughput mutagenesis screening (Chen et al., 2013). We chose to
use GCaMP6m because it strikes a good balance between detection efficiency and fast kinetics.

When a neuron is active, there is more calcium available in all cell compartments, including
soma, dendrites, axons (Ross, 1989). Calcium plays an important role in many neurobiological func-
tions, including exocytosis of neurotransmitters (Augustine, Charlton, & Smith, 1985) and synaptic
plasticity (Zucker, 1999). When the ion binds to GCaMP6, the molecule changes its conformation
allowing calmodulin and M13 to interact, causing the chromophore to increase the intensity of fluo-
rescence (Figure 3). This difference in fluorescence can be detected in real-time and in freely mov-
ing rats using fiber photometry.

GCamP6
filter Dichroic

490 nm 490 nm 515 nm
caz @
- ’ .
Dichroic . : ., \fllrror
+* - ‘

GFP cleanup filterssssm
Focusing lens

Shortpass

S5CSRTT Photodetector

Real-time data

490 nm LED /
Mirror
| 405 nm LED /Mlmr

Figure 3. The photometry setup used in the study. Adapted from Zalocusky et al. (2016) and Girven
& Sparta (2017).

. aFF

The FP system used in this study was purchased as part of the Synapse package (Tucker Da-
vis) and it is based on the setup described in (Zalocusky et al., 2016), a advancement on the original
setup described in (Gunaydin et al., 2014) — it uses LEDs instead of lasers for the excitation of
GCaMP and it contains a 405 nm LED (violet) in addition to the 490 nm (blue) channel (Thor Labs
M490F1 and M405F1). The single fiber patch cord (MFP_400/440/LWMJ-0.53 #.# FC-ZF2.5,
Doric) serves for both excitation of and collection of emitted fluorescence. The blue light excites the
GFP portion of GCaMP6m, while the violet light does not excite GFP and serves as an isosbes-
tic/control channel, allowing for the correction of bleaching, movement artefacts and removal of
other fluorescent molecules in the neuron, such as flavoproteins.
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The blue and violet LEDs were modulated at 211 Hz and 531 Hz, respectively, before being
passed through a 405 nm filter Doric (FMC4 AE(405) E(460-490) F(500-550) S) which avoided
contamination from ambient light (120 hz and harmonics). This separation of frequencies allows for
the demodulation of the signal into two components: one that contains GCaMP6 fluorescence and
one that contains background fluorescence. Both emitted signals were combined by a 425 nm di-
chroic mirror (Doric (same filter set as above)) and transmitted to the rat brain via a 400 pm 0.53 NA
patch cord (Doric, Quebec, QC, Canada).

Fluorescence signals were collected by a photoreceiver (Newport Femtowatt, 2151). The sig-
nal interfaced with the lock-in amplifier RZ5P (Tucker Davis Technologies) — which is sensitive in
the scale of nanovolts — and it was recorded by the software Synapse (Tucker Davis Technologies).
Behavioral responses in the operant chamber were relayed to the RZ5P using a MedAssociates Su-
perPort (DIG-726, MedAssociates) and corresponding cable (CMF, Tucker Davis Technologies). Us-
ing this system, we were able to reliable record our rats for more than three months.

Histological verification

Transcardial perfusions are done to fixate soft tissues and are often done with aldehyde-based
chemicals — in this case, paraformaldehyde (PFA). After a lethal injection of Euthasol (Merck), rats
received a firm toe pinch to assure unconsciousness. A 5-6 mm incision is made through the ab-
dominal wall beneath the rib cage to expose the heart. An injection needle was inserted into the left
ventricle and the right atrium was punctured to allow first an infusion of PBS and second 4% PFA.
The rat was decapitated and its brain collected and preserved in 4% PFA. Coronal brain slices of 50
um were made using a vibratome (Leica VT1000S) and preserved in PBS + 0.01% sodium azide to
prevent bacterial proliferation.

Slices were rinsed with PBS three times for ten minutes and left in blocking solution (1X PBS
+ 0.1% TritonX + 5% goat/donkey serum) for at least one hour. The first antibody (1:750 mouse anti
NeuN + 1:1000 rabbit anti GFP) was left on incubation overnight at 4°C. The next day, the slices
were left to adjust to room temperature, rinsed with PBS three times for ten minutes and the second-
ary antibody (1:400 Donkey anti rabbit 488 + 1:400 Donkey anti mouse 647) was added. After two
hours, the slices were washed in PBS three times for ten minutes and mounted in glass slices using
Mowiol. Imaging of the slices was performed with a confocal microscope (Leica Axiovert 200M)
and images were processed and edited in ImageJ (Rueden et al., 2017).

Data preprocessing
The AF/F calculation was performed by adjusting the violet channel (405nm) as a baseline us-

ing the formula:

AF  Signalygonm — Signalyosnm

F SignaléLOSnm

The data had outliers removed using the isoutlier function in MATLAB 2018b — defined by
data points more than three median absolute deviations away from the median and often observed in
the start of the session due to bleaching. Manual removal of outliers also occurs in instances when the
cable got disconnected in the middle of a session. All processing steps were done using custom
scripts in MATLAB (Mathworks) with the Statistics and Machine Learning toolbox. The scripts can
be found on GitHub (https://github.com/sybrendekloet).
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Statistical analysis

In the analysis, we usually used rats as a unit of measurement — comparing GCaMP signal within the
same rat during different stages of training — which reduces the required sample size in order to have
sufficiently powered results. We used eucledian distances as a quantitative measurement of the dif-
ference between two curves with the function pdist2 in MATLAB. When comparing signals of the
same rat in different stages, we chose paired statistics (either paired t-tests or the non-parametric Wil-
coxon signed rank test) and when comparing independent samples (e.g. dmPFC against vimPFC), an
independent sample t-test was used. The statistics were performed in SPSS 25 (IBM, USA) and
GraphPad Prism 6 (GraphPad Software, USA).

3 Results

Immunohistochemistry validation

In order to validate the photometry results obtained, we needed to demonstrate that the
fluorescence was originated from GCaMP expression in the brain regions of interest. In the viral
construct, a non-specific promoter was chosen — Synapsin (Figure 4A) — in order to affect all
neurons around the area of the injection, either dmPFC (AP +2.76mm; ML +1.49 mm; DV —2.94) or
vmPFC (AP +2.76 mm; ML 0.5 mm; DV —4.65 mm) (Figure 4B). Injections were done unilaterally
in the right hemisphere and the fiber implant was inserted in the same location. Expression of
GCaMP6 in the correct brain region was observed for all rats (Figure 4C and Supplementary
Figure 1), the NeuN staining was nicely colocalized with GCaMP and with no signs neuronal death.
The virus expression spread around the injection, but the fiber placement was correct, which means
that the signal detected was coming from the brain regions of interest (Figure 4D).
Because all rats had good photometry signal related to GCaMP in the proper location and with no
signs of histological anomalies, no rats were excluded from the sample. In total, there were 6 rats in
the dmPFC group and 5 rats in the vmPFC group.

A.

Figure 4. Viral GCaMP expression elicits quantifiable calcium transients. A) Viral construct AAVS-
humanSynapsin-GCaMP6. B) Placement of virus injection in dmPFC and vmPFC, respectively. C)
Examples of fiber placement and GCaMP6 expression of one rat for each group. The difference in
GCaMP expression resulted in different intensity of photometry signal, which had to be accounted
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for in the analysis. D) Average expression of GCaMP6 (green blob) and placement of fiber for every
rat in each group (orange stars).

Behavioral data

In order to assess if the surgeries differently impacted the cognitive ability of the rats, we compared
the progression of animals throughout the learning stages (Figure 6). Except for the performance of a
single rat in stage 8, there is no major difference between performance of vmPFC and dmPFC - S1: F
=2.069,0=0.193 (n.s.),df=7; S2: F=1.146 a = 0.320 (n.s.), df = 7; S3: F =0.749, o = 0.415
(n.s.),df=7;S4: F=5.531, a=0.051 (n.s.), df=7; S5: F=0.099, a = 0.762 (n.s.), df = 7; S6: F =
0.728, a=0.422 (n.s.), df =7; S7: F = 0.816, 0. = 0.397 (n.s.), df = 7; S8: F = 7.378, a = 0.030, df =
7;89: F =0.005, a = 0.945 (n.s.), df = 7. When the outlier is removed from the analysis, there is no
significant difference between both groups — S8: F = 1.252, o= 0.306 (n.s.), df = 6. This demon-
strates that the surgeries did not affect their performances in a distinct manner. The progression from
one learning stage to another was defined by the animal doing over 50 trials with greater than 80%
accuracy and less than 40% omissions. Learning progression was more difficult in early stages (S1-
S3) because the animals need to learn the task contingencies, then became easier in middle stages
(S4-S7) and spiked in difficulty again when the animals only have 1.5 or 1 second to respond cor-
rectly (S8-S9). This shows that there 1s no significant difference in progression between dmPFC and
vmPFC and that the task difficult is reflected in the number of sessions that the animals needed to ad-
vance the learning stages.

—e— VMPFC
Nr ——dmPFC

Number of sessions

'| e ®

.
1 | 1 | 1 1 1 1 J

S S2 S3 S4 S5 S6 S7 S8 S9
Learning stages

Figure 6. Rats in dmPFC and vimPFC groups progress through the learning stages at the same rate.
S1: F=2.069, 0 =0.193 (n.s.),df =7; S2: F=1.146 o= 0.320 (n.s.), df =7; S3: F = 0.749, 0. = 0.415
(n.s.), df=7; S4: F=5.531, 0= 0.051 (n.s.), df =7; S5: F =0.099, a = 0.762 (n.s.), df = 7; S6: F =
0.728, 0. =0.422 (n.s.),df=7; S7: F=0.816, a = 0.397 (n.s.), df = 7; S8: F = 7.378, a = 0.030, df =
7;89: F =0.005, a = 0.945 (n.s.), df = 7. When the outlier is removed from the analysis, there is no
significant difference between both groups — S8: F = 1.252, a = 0.306 (n.s.), df = 6.

To investigate the development of neuronal activity throughout all the learning stages, we chose a
single illustrative rat for dmPFC and vimPFC. The photometry data was synced either in terms of trial
start or response time — since after the animal starts a trial, it may respond at different times, before or
after the cue light turns on, or not respond at all. The data is shown in terms of a heatmap with the
activity of every trial throughout all stages, which shows the overall shift of activity or by line draw-
ings of S3/S9 (mean + SEM), chosen as examples of an early and a late stage of learning respec-
tively.

11



342
343
344
345

346

347
348
349
350
351
352

353
354
355
356
357

358

359
360

Learn to pay attention: distinct development of activity in dorsal and ventral medial prefrontal cortex

In the later stage of learning (S9), the dmPFC seems to become more active one second before and a
few seconds after the trial start (Figures 7A and 7C) compared to an early stage (S3). This brain re-

gion also seems to become less active a few seconds before response in later stages compared to ear-
lier ones (Figures 7B and 7D).

>

Trial start Cue J Response

PV O MM

0
Time (s) Time (s)

Figure 7. Neuronal activity patterns change according to learning in dmPFC. A) Heatmap of activity
synced at trial start as the animal progresses through all learning stages. B) Heatmap of activity
synced at response time as the animal progresses through all learning stages. C) Comparison of activ-
ity synced at trial start in an early stage of learning (S3) and a late stage of learning (S9). D) Compar-
ison of activity synced at response time in an early stage of learning (S3) and a late stage of learning
(S9).

On the other hand, we observe a difference development of activity in the vmPFC: this brain region
appears to become less active after cue presentation (Figures 8A and 8C) and also less active before
and after response time in later stages (Figures 8B and 8D). We conclude that there is a distinct pat-
tern of development of neuronal activity in the dmPFC and vmPFC as each rat progresses through the
learning stages.

Response

c. 6 .s3 : ; D. ©
5 =33 ; 4
i\ 2 : : 4 \ 21
< OM 0
-2 i i -2

a : : -4 :

0 5 10 15 5 10 15 20
Time (s) Time (s)

Figure 8. Neuronal activity patterns change according to learning in vmPFC. A) Heatmap of activity
synced at trial start as the animal progresses through all learning stages. B) Heatmap of activity
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synced at response time as the animal progresses through all learning stages. C) Comparison of activ-
ity synced at trial start in an early stage of learning (S3) and a late stage of learning (S9). D) Compar-
1son of activity synced at response time in an early stage of learning (S3) and a late stage of learning
(S9).

To understand if this pattern of signal evolution was consistent throughout all learning stages, we cal-
culated an information distance matrix. Information distance is defined as the area between two
curves (Figure 9A), and it provides a quantitative measurement of change in signal from one stage to
the other. We notice a clear trend of increased activity in dmPFC around trial start (Figure 9B), indi-
cating a higher engagement of this brain region as a function of the task difficulty. There is a noticea-
ble decrease in dmPFC engagement around response time, especially around the later stages, such as
7, 8 and 9 (Figure 9C). When comparing activity of vimPFC around the cue presentation time win-
dow, there is a perceptible disengagement of this brain region after stage 2 (as compared to all other
stages), but not a noticeable difference amongst later stages. (Figure 9D). In the response time win-
dow, there is a notable decrease in activity after stage 2 as well, with a strong similarity of signal be-
tween stages 3, 4, 5 and 6 (Figure 9E).

A. ;
Information
Distance
dmPFC
B 6 second window around trial start c & second window around response
? . 0 2 %
3 3
50 50
4 4
© 5 40 ) s 40
(o)} o
I e 30 JER 30
%4} %3]
7 20 7 20
g 0 8 10
9 9
o] o]
2 3 4 5 6 7 ) el
Stage Stage
vmPFC
D. © second window around cue presentation E. 6 second window around response
2 &0 2 50
3 50 3 50
4 4
40 40
o S5f 8] 5
2 . 0 2 . 0
- —
w 7 20 v 7 20
8 10 8 10
of , of . .
2 3 4 5 &) 7 a8 ]
Stage Stage

Figure 9. Information distance as a measurement of signal evolution between learning stages. A)
Definition of information distance — the area described between two curves. B) Information distance
matrix 6 seconds around trial start for dmPFC. C) Information distance matrix 6 seconds around
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response time for dmPFC. D) Information distance matrix 6 seconds around cue presentation for
dmPFC. E) Information distance matrix 6 seconds around response time for vmPFC.

When observing a time window 3 seconds after the trial start, there is a noticeable decrease in activ-
ity in the vmPFC compared to dmPFC (Figure 10A); S4 —t(71) =2.172, p < 0.05; S6 — t(71) =
2.029, p <0.05; S7—1t(71)=2.038, p <0.05; S9 —t(71) = 3.105, p < 0.005. We observed the devel-
opment of completely different signals throughout the learning stages depending on the time window.
When assessing the maximum df/f value for all trials in stages 3 and 9, we observe no clear trend in
dmPFC (Figure 10B), although two rats in this group have a significant difference in signal between
stages using Wilcoxon signed rank test: dm1 —Mdn = 0.915, z= 3888, p < 0.001; dm2 — Mdn = -
1.293, z=-2777, p < 0.005. However, there is a noticeable decrease in maximum signal in vmPFC
between an early and a late stage of learning, consistent among all rats (Figure 10C). There are also
two rats in this group with a statistically significant change in signal. vm1 — Mdn = -2692, z = -5725,
p <0.0001; vim2 — Mdn = -1.632, z=-15600, p < 0.0001. This result indicates a different progression
of signal evolution in dmPFC and vimPFC throughout the learning stages depending on the time win-
dow of choice.

A 0 - 3 s after trial start B dmPFC C vmPFC
. £ . .
15 15
*
£ : s
L, * ° > o
P ® 10 ® 10
T * * g . g
e * £ £ [
o] b Y
ﬂ) 0 ............ PP o b e
F oL it s 2 5 E.
m T
L5 ¢
= =
24— T T T T T T T 1 [ T r [} r T
1 2 3 4 5 1 7 8 9 53 59 s3 s9
Stage Stage Stage

Figure 10. The dmPFC and vimPFC develop different training-related patterns of activity during par-
ticular time windows in the SCSRTT. A) Comparison of signal evolution between dmPFC and
vmPFC 0-3 seconds after trial start. Asterisks indicate an independent sample t-test p value less than
0.05. B) Comparison of maximum peak average between S3 and S9 in dmPFC. C) Comparison of
maximum peak average between S3 and S9 in vimPFC.

Since the selection of time windows is intrinsically arbitrary, we next decide to compare the time
window with the greatest behavioral relevance — the period in which the animal is withholding a re-
sponse before the cue light goes off (Figure 11A). The average activity of dmPFC increases during
the waiting period before cue presentation (ITI) compared to 1.5-3 seconds before the start of the trial
in later stages (Figure 11B) - S3 — t(9) =3.366, p<0.01; S4 — t(9) = 2.570, p<0.05; S5 — t(9) = 3.026,
p<0.05; S6 —t(8) =2.530, p<0.05; S7—t(8)=3.036, p<0.05; S9 —t(8) = 2.555, p<0.05. Contrarily,
the vimPFC tends to be more active during the waiting period in early stages compared to baseline —
S2 —t(6) =2.938, p <0.05; S3 —t(8) =4.1331, p < 0.05 — however that effect subsides in later stages
of learning (Figure 11C). This corroborates the idea of a distinct development of activity of dmPFC
and vmPFC throughout the learning stages.

14



411

412
413
414
415

416

417
418
419
420
421
422
423
424
425

426

427
428
429
430
431
432

433
434
435
436
437
438

Learn to pay attention: distinct development of activity in dorsal and ventral medial prefrontal cortex

A.
Trial start Cue light
| Waiting period (ITl) =55 1
B. C.
dmPFC progression vmPFC progression
157 8 Baseline 8 0 Baseline
(== R (== R
18 L 61 *
T 10 . w2 * T
q * <, ;
X R4
S o p : 09 g0 89 0o 0
2,00 g 0
+ 0 B 1] 2+
1 2 3 45 6 7 89 1 2 3 45 6 7 8 9
Stage Stage

Figure 11. The dmPFC and vimPFC develop different training-related patterns of activity during the
waiting period for the cue light. A) Definition of baseline (1.5 — 3 seconds before the trial start) and
ITI. B) Changes in area of peaks in dmPFC comparing baseline and ITI. C) Changes in area of peaks
in vmPFC comparing baseline and ITI. Asterisks indicate a paired t-test p value less than 0.05.

4 Discussion

Our working hypothesis were supported: (1) there were distinct evolutions of patterns in
dmPFC and vimPFC; (2) brain activity changed over time as a result of task-learning and (3) vimPFC
transient activity decreased as a result of learning. However, dmPFC activity increased in certain pe-
riods of the SCSRTT as the rat progressed through the learning stages, indicating that this brain re-
gion is not involved in the habituation of the task. The vmPFC is involved in attention selection and
inhibitory control (Uran et al., 2017) which might become less important as the visuospatial task be-
comes more habitual to the rat. On the other hand, the dmPFC is involved in motor coordination and
planning of movement (Hyman et al., 2013) which might necessitate a higher level of activity be-
cause of the shortening of the stimulus duration.

Limitations of SCSRTT

The 5-choice serial-reaction time task proports to assess spatial and temporal attentional states
in the animal. It is important to remember that attention or any other cognitive process are not di-
rectly observable or quantifiable. Therefore, the study of attention with animal models depends on
the expression of behavior of the animal which can then be used to indirectly assess the cognitive
process underneath: in this paradigm, accuracy is a proxy measure of attention and premature re-
sponses are an indirect measure of impulsivity.

However, omissions can often happen not due the lack of attention, but for different biases. For
instance, we observed that some rats had a strong preference to attend to just 3 or 4 holes, usually
omitting all the trials from the always-unattended holes. If omissions are used as a proxy for atten-
tion, these instances of strong bias towards certain holes comprise an important confounding effect.
Other confounding factors include: different stress responses because of handling; the rats become
more satiated and therefore less motivated to complete the task as the session progresses; and as the
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rats become better at the task, they are more likely to use a time-dependent strategy instead of fully
diverting attention to the task — therefore high accuracy results may not be actually representative of
sustained attentional states, but of other cognitive processes (Leite-Almeida et al., 2013).

Limitations of fiber photometry

Fiber photometry has many advantages compared to other calcium imaging methods, such as
two-photon microscopy and the miniscope (Table 3). FP is cheaper and technically easier to imple-
ment, the cable is light-weight and flexible thus allowing the animal to move more freely, and it is
capable to measure single photons since it is a system based on fiber optics. (Cui et al., 2014).

Table 3. Comparison of modern in vivo calcium imaging technologies.

Parameter Fiber Photometry Miniscope Two-photon Microscopy

Sensitivity ++ (single photons) a +
Higher background noise
than two-photon micros-

copy

Cellular Resolution - f 4
No cellular resolution (soma) (soma and dendrites)

Freely moving Yes Yes No

Brain damage caused by Less significant Significant Significant

implant Fiber is 0.2-0.4 pm GRIN lens is 0.5-1 mm GRIN lens is 0.5 - 1 mm

Can be used underwater Yes No No

Light scattering +++ (shorter wavelengths  ++ + (longer wavelengths for
for excitation) excitation)

Price $ (cheapest) 38 $$$ (most expensive)

Data adapted from Girven & Sparta (2017).

However, the main limitation of FP is its lack of cellular resolution — which means that it
measures all the neurons that express GCaMP. Though the viral construct can be specific for particu-
lar neuronal types, it is important to realize a lot of information is lost. For example, a baseline FP
signal may represent a population of cells baseline active for all timepoints or fractions of the neu-
ronal population spiking in activity — both scenarios yield the same signal, but they have completely
different biological significances and interpretations (Figure 12).

3,
D oY Y N M -
O o oo e —P5 e
(,j\*/ RN (_/‘\/ AN &) NN Resulting 1k
. . . . . . signal e
Timepoint 1 Timepoint 2 Timepoint 3 ™M T2 13
Ve N A N /\ N & 3 i
® O OXEONX ¥ B T ol
(\\ //\\ //\ /\ C\ :*//ff//\\J/ ‘()/_ /\ ’\\//\¥// = 4}4 2re e _-e
eC 00 O ¢ @ ()W ' Resulting 1}
. . . . X . signal
Timepoint 1 Timepoint 2 Timepoint 3 T T2 T3

Figure 12. Different patterns of neuronal activation may yield similar fiber photometry signals. The
lack of cellular resolution is one of the main limitations of fiber photometry.
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Another important consideration is that, due to light scattering increasing with the square of the
distance, only a very small volume of brain cells around the tip of the fiber are detectable, only 200
um (Pisanello et al., 2018). This entails that, if a neuronal population is sparse in the cortex, the FP
signal might not be usable, and another technique that uses longer wavelengths for excitation, such as
two-photon, might be more appropriate. Furthermore, different rats often have different baseline sig-
nals due to different expression of GCaMP — this complicates the interpretation of data, since similar
patterns of neuronal activity may yield completely different signals.

In this preliminary investigate study, we chose a non-specific promoter in the viral construct.
This means that both excitatory and inhibitory neurons in the PFC were transfected and greatly in-
creases the difficulty of data interpretation, since the increase GCaMP fluorescence/neuronal activa-
tion may be related to an increase of inhibitory or excitatory neurons. In the result section, we chose
to specify that an increase in fluorescence was related to ‘an increase in neuronal activity’. It is
known that around 90% of neurons in the rodent PFC are pyramidal/glutamatergic (Riga et al., 2014),
and we hypothesize that these neurons drive a greater percentage of the signal observed. However,
the proportion of activity for each neuronal type and how they relate to behavior remains unclear.

Big picture and next steps

Attention is a neurological construct which is comprised by complex cognitive processes re-
lated to the detection and organization of sensory input. It can be divided into different subcategories
of attention: orienting, selective attention, sustained attention and divided attention (Mar & Dalley,
2010). It mediates other cognitive processes such as memory formation and learning; consequently,
aberrations in attention are often associated with neurological disorders. Therefore, by methodically
studying attention in animal models, it is possible to obtain important insights on the underpinnings
of diseases and how they can be affected by treatments (Arnold et al., 2003).

This study is an important first step in trying to understand the brain mechanisms related to at-
tention and how they change during the process of learning a task. Fiber photometry data reveals a
richness in distinct development of brain activity in dmPFC and vmPFC. It is possible that different
cognitive processes take place during the different stages of learning — and that this could be general-
ized to other forms of learning other than visuospatial attention.

For future studies, it would be enlightening to use intervention techniques in combination with
fiber photometry to try to understand more clearly the roles of each brain region and how they change
according to the process of learning the attentional task. The use of specific viral promoters to under-
stand the role of different neuronal subtypes in the PFC would also be very elucidating. Furthermore,
we could use vITI and vSD trials to disrupt the habitual nature of the task — which could provide
more clear mechanistic underpinnings of the role of dmPFC and vimPFC in learning. We also aim to
use automated video-tracking software with Machine Learning using DeepLabCut (Mathis et al.,
2018) which would allow the separation of data that emerge from different types of behaviors (Sup-
plementary Figure 2) and permit a much more precise analysis of the development of brain activity.
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