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Abstract

To survive, individuals must learn to associate cues in the environment with emo-
tionally relevant outcomes. This association is partially mediated by the nucleus ac-
cumbens (NAc), a key brain region of the reward circuit that is mainly composed by
GABAergic medium spiny neurons (MSNs), that express either dopamine receptor D1
or D2. Recent studies showed that both populations can drive reward and aversion,
however, the activity of these neurons during appetitive and aversive Pavlovian con-
ditioning remains to be determined. Here, we investigated the relevance of D1- and
D2-neurons in associative learning, by measuring calcium transients with fiber pho-
tometry during appetitive and aversive Pavlovian tasks in mice. Sucrose was used as
a positive valence unconditioned stimulus (US) and foot shock was used as a nega-
tive valence US. We show that during appetitive Pavlovian conditioning, D1- and D2-
neurons exhibit a general increase in activity in response to the conditioned stimuli
(CS). Interestingly, D1- and D2-neurons present distinct changes in activity after su-
crose consumption that dynamically evolve throughout learning. During the aversive
Pavlovian conditioning, D1- and D2-neurons present an increase in the activity in re-
sponse to the CS and to the US (shock). Our data support a model in which D1- and

D2-neurons are concurrently activated during appetitive and aversive conditioning.
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1 | INTRODUCTION

Daily, species learn and adjust their behavior according to their sur-
roundings. Individuals attribute emotional value to otherwise neutral
environmental cues if these are associated with a positive/rewarding
or negative/aversive event (Cerri et al., 2014; Rescorla, 1994). These
associations, in which a neutral stimulus becomes a conditioned
stimulus (CS) once it is paired with an unconditioned stimulus (US)
that is inherently rewarding (e.g., food, water or sexual stimuli) or
aversive (e.g., shock), are called Pavlovian conditioning. The associa-
tion transforms the neutral cue into a CS that after learning has the
ability to drive rewarding and aversive responses and contributes to
learning (Day & Carelli, 2007; Pavlov, 2010).

Lesion and pharmacological evidence indicates that the nucleus
accumbens (NAc) is critical for Pavlovian associative learning (Dalley
et al., 2005; Di Ciano et al., 2001; Parkinson et al., 2002; Roitman
et al., 2005; Setlow et al., 2003). In addition, seminal electrophysi-
ological studies have shown that intraoral administration of sucrose
leads to mainly inhibitory responses in NAc neurons, whereas ad-
ministration of the aversive compound quinine resulted in mainly
excitatory responses (Roitman et al., 2005). Interestingly, as asso-
ciations between CS and US occur, NAc neurons rapidly develop
robust responses to the predicting cues (Roitman et al., 2005).
Furthermore, it has been shown that NAc neurons increase activ-
ity during cue presentations but decrease during reward delivery
(Ambroggi et al., 2011; Day et al., 2011; Gale et al., 2014). Similarly, in
a Pavlovian conditioning approach task, the majority of recorded ac-
cumbal neurons exhibited a significant increase in firing rate during
CS presentation, whereas the responses to reward were predomi-
nantly inhibitory (Day & Carelli, 2007; Wan & Peoples, 2006).

The NAc is mainly composed of GABAergic medium spiny neu-
rons (MSNs), which account for ~95% of the accumbal neurons,
being divided into those that express dopamine receptor D1, dynor-
phin and substance P (D1-MSNs) or those expressing dopamine re-
ceptor D2, enkephalin and adenosine 2a receptor (A2A) (D2-MSNs)
(Gerfen, 1984; Gerfen et al., 1990; Le Moine et al., 1991). These two
populations also show anatomical segregation, with a significant
proportion of D1-MSNs projecting directly to the ventral tegmental
area (VTA), forming the direct pathway, and with both populations
projecting to the ventral pallidum (VP), forming the indirect path-
way (Baimel et al., 2019; Gerfen, 1984; Kupchik et al., 2015; Soares-
Cunha & Heinsbroek, 2023). Different studies have shown that
both sub-populations are functionally divergent (Hikida et al., 2010;
Kravitz et al., 2012; Lobo et al., 2010). However, more recent studies
revealed that optogenetic activation of either D1- or D2-neurons in
the NAc supports self-stimulation (Cole et al., 2018), and can trigger
positive and negative reinforcement (Namvar et al., 2019; Natsubori
et al., 2017; Soares-Cunha et al., 2016, 2018, 2020, 2022).

Because of the similar properties between D1- and D2-MSNs
in extracellular electrophysiological recordings, it is still unknown
which of these populations respond to appetitive and aversive CSs
and USs. The development of genetically encoded calcium indica-
tors opened new opportunities to identify these neurons. In the

ventrolateral striatum, calcium elevations in D1- and D2-MSNs were
observed at cue presentation in a motivation lever-pressing task
(Natsubori et al., 2017). Plus, in a very recent study, putative NAc
D1-MSNs presented multiphasic calcium events during CS presenta-
tion and reward delivery, whereas D2-MSNs presented a monopha-
sic event only after reward delivery (Skirzewski et al., 2022).

Although some studies point for a role of NAc neurons in cue-re-
ward learning, how D1- and D2-MSNs respond to positive or negative
CS-US associations is far from being understood. Thus, to better un-
derstand the functional relevance of accumbal D1- or D2-neurons for
the acquisition of CS-US Pavlovian learning, we used fiber photome-
try to register D1- and D2-neurons' activity during appetitive (sucrose)
and aversive (foot shock) Pavlovian conditioning in the same animals.
We show that D1- and D2-neurons dynamically respond to both cue
and reward in the appetitive Pavlovian task. In the aversive Pavlovian
task, both neuronal populations increase activity in response to CS
and to shock. These results show that both D1- and D2-neurons
change activity during reward and aversion processing.

2 | MATERIALS AND METHODS
2.1 | Animals

Male and female heterozygous D1-cre (line EY262, Gensat.org;
RRID:MMRRC_030989-UCD; n=7: n__ .. =4, Naes=3) and A2A-
cre (line KG139, Gensat.org; RRID: MMRRC_036158-UCD; n=6:

n =3) transgenic mouse lines (2-3months of age)

males = 3> Nfemales
were used. A2A-cre line was used as to restrict expression to D2-.
MSNs because D2R is also expressed in cholinergic interneurons
(Gallo, 2019). All animals were maintained under standard labora-
tory conditions: an artificial 12 h light/dark cycle with lights on from
8am to 8 pm, with an ambient temperature of 21+ 1°C and a relative
humidity of 50%-60%. Mice were housed in type 2L home cages
(3-4 mice per cage), with food (standard diet 4RF21, Mucedola, Italy)
and water ad libitum, unless stated otherwise.

Behavioral experiments were performed during the light period
of the light/dark cycle. All animals were kept divided according to
sex and mouse strain from postnatal day 21. To avoid anxiety and
stress responses, 5-10min of handling was performed 1week be-
fore behavioral experiments began, for 3 consecutive days. Animals
were also habituated to all behavioral apparatuses for 3 consecu-
tive days for 15 min before starting the behavioral tasks. Sample size
used in behavioral tests was chosen according to previous studies;
the investigator was not blind to the group allocation during behav-
ioral performance.

All procedures involving mice were performed according to the
guidelines for the welfare of laboratory mice as described in the
European Union Directive 2010/63/EU. All protocols were approved
by the Ethics Committee of the Life and Health Sciences Research
Institute (ICVS) and by the national authority for animal experimen-
tation, Direcdo-Geral de Alimentacao e Veterinaria (DGAV; approval
reference #8332, dated of 2021-08-05). Health monitoring was
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carried out according to FELASA guidelines and all experimenters

and animal facilities are accredited by DGAV.

2.2 | D1-and A2A-cre line: Mating and genotyping

The progeny produced by mating a D1-cre or A2A-cre heterozygous
transgenic male mouse with a wild-type C57BL/6J female mouse
(RRID:IMSR_JAX:000664) was genotyped at weaning (postnatal
day 21) by PCR.

DNA was isolated from tail biopsy using the Citogene DNA iso-
lation kit (Citomed, Lisbon, Portugal). In a single PCR genotyping
tube, the primers Drd1a F1 (5-GCTATGGAGATGCTCCTGATGGAA-3')
and CreGS R1 (5-CGGCAAACGGACAGAAGCATT-3') were used
to amplify the D1-cre transgene (340bp) and the primers Cre
F (5-AGCCTGTTTTGCACGTTCACCC-3’) and Cre R (5-GGTTT
CCCGCAGAACCTGAA-3’) to amplify the A2A-cre transgene
(300bp). An internal control gene (lipocalin 2, 500 bp) was used in
the PCR (LCN_1 [5-GTCCTTCTCACTTTGACAGAAGTCAGG-3]
and LCN_2 [5-CACATCTCATGCTGCTCAGATAGCCAC-3']).
Heterozygous mice were discriminated from the wild-type mice by
the presence of two amplified DNA products corresponding to the
transgene and the internal control gene. Gels were visualized with
GEL DOC EZ imager (Bio-Rad, Hercules, CA, USA) and analyzed
with the Image Lab 4.1 (RRID:SCR_014210; Bio-Rad, Hercules,
CA, USA).

2.3 | Surgery and optical fiber implantation

On the day of surgery, D1-cre and A2A-cre mice (2-4 months old)
were deeply anesthetized in an induction chamber with 8% sevoflu-
rane (SevoFlo, Abbott, Chicago, IL, USA; in oxygen at 0.8-1L/min)
until loss of paw withdrawal reflex. Then, mice were transferred to a
stereotaxic apparatus with anesthesia being given through a nosec-
one and maintained at 2%-3% (in oxygen at 0.8-1L/min), to ensure
lack of response to mechanical pinch to the hind paw and tail; their
body temperature was maintained at 36-37°C using a closed-loop
heating pad. An analgesic (buprenorphine) was administered before
the beginning of the surgical procedure (0.05mg/kg, intraperito-
neal; Bupaq, RichterPharma, Austria). Animals were injected with
the Cre-inducible adeno-associated virus (AAV) AAV5-hSYN-FLEX-
GCAMP6f-WPRE-SV40 (RRID:Addgene_100833; 300nL, Addgene,
Watertown, MA, USA) in the NAc [stereotaxic coordinates from
bregma (Paxinos & Franklin, 2001): +1.3mm anteroposterior (AP),
0.9 mm mediolateral (ML), and -4.5mm dorsoventral (DV)], using a
Nanoject Il injector (Drumond Scientific Company, Broomall, PA,
USA), at a rate of 1nL/s. After injection, the micropipette was left in
place for 5min to allow viral diffusion.

After viral delivery, a fiber optic ferrule (400 um core, 0.50NA;
Doric Lenses, Quebec, Canada) was implanted in the NAc using the
injection coordinates (except of DV: -4.4) and was then secured to
the skull with dental cement (C&B kit, Sun Medical, Shiga, Japan). At
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the end of the surgical procedure, mice were removed from the ste-
reotaxic frame and postoperative care was carried out by adminis-
tering analgesia (0.05 mg/kg buprenorphine; Bupag, RichterPharma,
Austria) 6 h post-procedure, as well as once every 24 h during 3 suc-
cessive days. A multivitamin supplement (Duphalyte, Zoetis, Spain;
diluted 1:10 in 0.9% saline; 20puL/g, subcutaneous) and 0.9% NaCl
(20pL/g, subcutaneous) were also administered post-procedure,
once a day for a maximum of 3 consecutive days, if mice presented

signs of dehydration and weakens in movements.

2.4 | Behavioral experiments

All animals performed the appetitive Pavlovian conditioning first and
posteriorly (~2weeks after) the aversive Pavlovian conditioning, to
avoid the negative impact caused by foot shock experiments on the
appetitive Pavlovian learning.

2.4.1 | Behavioral apparatuses

Behavioral sessions were performed in a custom-made op-
erant chamber using pyControl software and hardware
(RRID:SCR_021612;17.8cm lengthx19cm widthx23cm height)
within a sound-attenuating box. In the appetitive Pavlovian con-
ditioning, the chamber was composed by a central magazine, to
provide access to 15puL of sucrose solution (20% wt/vol in water)
delivered by a solenoid (for liquid dispenser), a cue-sound (70dB,
5kHz), and a house-light (100mA, 2.8 W) installed on the top and
metallic floor. For the aversive Pavlovian conditioning, a different
chamber containing a house-light (100mA, 2.8 W) installed on the
top of the chamber and a cue-sound (80dB 2kHz) and a cue-light
installed in one side wall and a gridded floor with shocker was used.
A computer was used to control the equipment and record the data,
and a webcam (CMOS OV2710, ELP, Shenzhen, China) was used to
acquire video.

2.4.2 | Appetitive Pavlovian conditioning (protocol
adapted from Patriarchi et al., 2018)

After 3days of habituation to the behavioral box and the patch
cable, mice [Ny, =7 Npyp.e=6; effect size=0.5 (calculated
based on previously published data using a similar behavioral pro-
tocol, Patriarchi et al., 2018), power=0.99] were exposed to 1-2
sessions of sucrose consumption, in which 15 pL of a 20% sucrose
solution were delivered every 30s, for 30 min; this was done for
animals to learn the position of the food port. After sucrose con-
sumption session, mice started the appetitive Pavlovian condition-
ing in which a CS consisting of a 70-dB 5 kHz tone and a house light
(100mA, 2.8 W) were turned on for 10s; US of 15uL of 20% su-
crose solution was made available at the seventh second after CS
onset. CS-US pairings were repeated 30 times per session, with
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Mice underwent a total of 12 sessions of appetitive Pavlovian con-
ditioning. The behavior apparatus and the sucrose receptacle were
disinfected with 10% ethanol between animals to remove any
odor. For all sessions, nose poke data was obtained. Photometry
recordings were simultaneously obtained on days 1, 2, and every
other day going forward (days 4, 6 8, 10, and 12), and synchro-
nized through pyControl system and Doric Studio Software (Doric
Lenses, Quebec, Canada). The nose pokes performed during each
behavioral session were automatically detected through an in-
frared beam located at the entry of the sucrose port, and licks
were detected through a lick detection circuit. Behavioral sessions
were also video recorded using a webcam with an infrared light
ring (CMOS OV2710, ELP, Shenzhen, China) for posterior analysis
of movement.

To quantify CS-triggered behavior, number of nose pokes in
the sucrose port during CS were analyzed; nose pokes were also
analyzed during the ITI period. Animal movement in the behav-
ioral box was manually scored by an experimenter blind to group
allocation on the 12th day of training and was defined as moments
of movement initiation (move) and moments of movement pause
(rest) when mice were not facing the wall containing the central
magazine.

2.4.3 | Aversive Pavlovian conditioning

The same mice [Ny, =7, Npspce=6; effect size=2.83 (calcu-
lated based on previously published data using a similar behavioral
protocol, de Jong et al., 2019), power=0.99] were familiarized to
the behavior apparatus for 3days for 10 min with the patch cable
connected. Next, mice started a 3-day aversive Pavlovian condi-
tioning protocol. All sessions started with 60s of habituation pe-
riod, with the house light on. The CS consisted of an 80-dB, 2kHz
tone plus a cue light. The US was a mild foot shock (0.5mA, over
15s). During the first conditioning session, mice were exposed to
10 CS-US pairings. Each trial consisted of a random ITI (45-505s)
followed by a 10-s tone, which was immediately followed by elec-
tric foot shock delivered through the stainless steel grid floor. On
the second day (US omission), mice performed 30 trials in which
10 out of 30 tones (arbitrarily assigned) were not followed by an
electric foot shock. On the third day animals received a US ex-
tinction session, in which they received 30 trials with only CS ex-
posure, but without US delivery (protocol adapted from de Jong
et al., 2019). All sessions were video recorded with webcams and
photometry recordings were simultaneously obtained. To assess
CS-triggered aversion, we measured freezing during the CS pe-
riod from all sessions. The freezing response was manually scored
through video observation by an experimenter blind to group al-
location and was scored as the time (seconds) that mice spent im-
mobile (lack of any movement including sniffing except respiration
during the CS period) and calculated as percentage of total cue
time [(freezing time x 100)/cue duration]. Animal movement in the

behavioral box was assessed on the conditioning day and was de-
fined as moments of freezing initiation (freeze) and moments of

freezing cessation (move) during CS and ITI periods.

2.5 | Fiber photometry recordings

Recording of NAc D1- and D2-neuronal activity was performed dur-
ing appetitive and aversive Pavlovian conditioning, using a Doric
Lenses acquisition system (Doric Studio, Quebec, Canada). A fiber
optic patch cable (1-m long; 400um core; 0.50NA; Doric Lenses,
Quebec, Canada) was coupled to the implanted optic fiber with ce-
ramic sleeve. The system used two LEDs (CLED_465; CLED_405;
Doric Lenses, Quebec, Canada) via an LED driver. Excitation light
with two different wavelengths of 465 nm for GCaMPé4f and 405 nm
for the GCaMPé6f isosbestic channel, and an emission light were
passed through a minicube [IFMC6-G2_IE(400-410)_E1(460-490)_
F1(500-540)_E2(550-580)_F2(600-680)_S; Doric Lenses, Quebec,
Canada). GCaMP signal and a movement control signal from the isos-
bestic channel were recorded using Doric Studio Software through a
console. Light emitted by the indicators is transmitted back through
the same optic fiber, split from the illumination light and fluores-
cence from other indicators by optical filters and converted to elec-
trical signals by one high sensitivity photoreceiver (Newport 2151
with lensed FC adapter; Doric Lenses, Quebec, Canada). The digital
inputs are read at the same sampling rate as the analog signals to
enable post hoc synchronization of the photometry data with the
behavioral hardware. The system uses one digital input to receive a
TTL signal each time a behavioral event of interest [reward delivery
or foot shock (or foot shock omission)] occurred.

2.6 | Fiber photometry data analysis

Initial analysis was performed in GuPPy (RRID:SCR_022353),
Guided Photometry Analysis in Python, a free and open-source
package (Sherathiya et al., 2021). The first step was to remove arti-
facts. GuPPy uses a control channel (isosbestic) that includes smaller
movement artifacts and photobleaching artifacts that are subtracted
from the signal and used to normalize the data to determine changes
from baseline fluorescence (AF/F). After establishing a control chan-
nel, a fitted control channel is used to calculate AF/F by subtracting
the fitted control channel from the signal channel and dividing by the
fitted control channel.

After, a post-stimulus time histogram (PSTH) for appetitive
Pavlovian conditioning was calculated based on a defined window
set around each event timestamp: for CS from -5s to 7s (CS onset
at Os); for US consumption from -5s to 7s (US consumption onset
at 0s) - US consumption was considered the first poke mice per-
formed after US delivery that was followed by a licking episode (1
licking episode was defined as having at least 2 lick events occur-
ring less than 250 ms apart). For aversive Pavlovian conditioning, a
PSTH spanning from -10s to 21s (CS onset at Os) was established.
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After that, Python packages (Python version 3.9.12, Numpy version
1.21.5; RRID:SCR_006903) were used to calculate the z score from
the data present on the PSTH, by subtracting the mean value of
baseline activity (-10, 0) for each trial of each animal and dividing
by the standard deviation of the baseline activity. To determine any
change in fluorescence transients during the PSTH window, a boot-
strapping confidence interval (bCl) procedure was used with 95%
Cl, which was then expanded by a factor of sqrt[n/(n-1)] to account
for narrowness bias (Bland & Altman, 2015; Jean-Richard-dit-Bressel
et al., 2020). A new z score was generated by randomly re-sampling
from trial z score with replacement for the same number of samples.
So, n for all statistical analyses of photometry data were the num-
ber of trials in each group. This process was repeated 1000 times to
create a non-parametric distribution of population mean estimates
for each time point within the window. Only periods that were con-
tinuously significant (greater or less than the expanded Cl limits) for
at least 0.5s were identified as significant (Bland & Altman, 2015;
Jean-Richard-dit-Bressel et al., 2020).

The PSTH's mean fluorescence activity (average of the z-score),
mean activity, and area under the curve (AUC; using Python pack-
age Scikit-learn version 1.1.1 [sklearn.metrics.auc]) in specific peri-
ods of time were then calculated. The intervals used for appetitive
Pavlovian conditioning data were (time Os set at CS onset): pre-CS
period (-2, 0); post-CS period: (0, 2); pre-US consumption (5, 7);
post-US consumption (7, 9). For aversive Pavlovian conditioning
data, the intervals were (time Os set at CS onset): pre-CS period (-2,
0); post-CS period: (0, 2); pre-US period (8, 10); post-US period (10,
12).

The analysis of the GCaMPéf signal (AF/F) was conducted
using an encoding model (linear regression model) by a multiple-
event kernel analysis (Lee et al., 2019; Parker et al., 2016). This
signal was modeled as the sum of the responses to each behavioral
event, thus determining the contributions of multiple simultane-
ously modeled events (appetitive Pavlovian conditioning: move-
ment initiation [move], movement cessation [rest], nose poke,
CS response, US consumption; aversive Pavlovian conditioning:
movement initiation [move], freezing, CS response, US response)
to the ongoing GCaMPé6f signal. The kernels associated with each
event were initially established based on the average signal around
1s before and 2s after each individually detected event. By using
the least squares method (Python: scipy.optimize.minimize, ver-
sion=1.8.1, method='Nelder-Mead’), a multiplicative constant for
each kernel was optimized so that the sum of the convolutions
(from -1 to 2s) of each kernel with the corresponding behavioral
event series best fit the GCaMPé6f signal. The behavioral event se-
ries are sequences of 0 and 1s, where 1s indicates the occurrence
of an event. The kernels shown in the figures are the results of
the product of the optimized multiplicative constant of each ker-
nel with the initially calculated average signal. The performance of
the model for each animal was evaluated using the r-square metric
between the average AF/F signal and the model signal across all
trials (Python: sklearn.metrics.r2_score, version=1.1.1). The linear
regression model successfully captured a significant amount of

JNC =—W1 LEY-

variance in the GCaMPé6f response (appetitive Pavlovian condi-
tioning: D1 neurons, r2:0.21iO.04, D2 neurons, r2:0.2010.08;
aversive Pavlovian conditioning: D1 neurons, r2=0.46¢0.02, D2
neurons, r>=0.43+0.03).

Neurochemistry

2.7 | Histology

2.71 | Euthanasia and brain sectioning

At the end of all behavior procedures, mice were deeply anesthe-
tized by a mixture of ketamine/medetomidine (150 mg/kg/0.3 mg/
kg, intraperitoneal). Animals were then transcardially perfused
with 0.9% saline, followed by 4% paraformaldehyde (PFA) solu-
tion. After, whole heads were immersed for 48h in 4% PFA so
that the fiber track is clearly visible for histological analysis. Next,
brains were extracted and then rinsed and stored in 30% sucrose
at 4°C until sectioning. Sectioning was performed coronally, in
40pm slices, on a vibrating microtome (VT1000S, Leica, Germany)
and slices were stored at 4°C on 12-well plates (or long-term stor-
age in cryoprotectant solution at -20°C) until use. Slices from the
area of interest (NAc) were selected using the Mouse Brain Atlas
(Paxinos & Franklin, 2001).

2.7.2 | Immunostaining (IHC)

To assess GCaMP6f expression in D1-cre and A2A-cre mice, brain
slices containing NAc sections with fiber tracks were washed
with phosphate-buffered saline (PBS), and then permeabiliza-
ted with PBS-Triton 0.3% (PBS-T 0.3%). Blocking was performed
for 1h using 5% fetal bovine serum (FBS; cat. no. A5256701,
Invitrogen, MA, USA) in PBS-T at RT. The primary antibody goat
anti-GFP (1:750; cat. no. ab6673, ABCAM, Cambridge, UK) was
incubated overnight at 4°C with agitation, followed by PBS-T
washes and subsequent incubation with the secondary fluores-
cent antibody Alexa Fluor® 488 donkey anti-goat (1:500; cat. no.
A11055, Invitrogen, Carlsbad, CA, USA). All antibodies were di-
luted in PBS-T with 2% FBS. Slices were washed with PBS-T, incu-
bated with 4/,6-diamidino-2-phenylindole dihydrochloride (DAPI,
1:1000; cat. no. 62248, Thermo Fisher Scientific™, Waltham,
MA, USA) for nucleus staining, washed with PBS, and mounted
using Permafluor (cat. no. TA-030-FM, Thermo Fisher Scientific,
Hampton, NH, USA). Slides were stored at 4°C and kept protected
from light.

2.7.3 | Image acquisition and analysis

Images from the NAc of D1-cre and A2A-cre mice were collected in
an inverted confocal microscope (Olympus FV3000, Tokyo, Japan).
About 6-8 slices per animal were used for each analysis. Optic fiber
placement was assessed to confirm if the activity detected was
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from the NAc region. For that, slices where the optic fiber was de-

Neurochemistry

tected were classified according to the Mouse brain atlas (Paxinos &
Franklin, 2001) to estimate the stereotaxic coordinates. All animals
contained proper viral expression and fibers were correctly placed
in the NAc.

2.8 | Statistical analysis

Statistical analysis was performed in GraphPad Prism 9.0
(RRID:SCR_002798, La Jolla, CA, USA), unless stated otherwise
(vide fiber photometry data analysis sub-section). Prior to any sta-
tistical comparison between groups, a Tukey's Fences for Outliers
test was performed to assess presence of outliers; since no outli-
ers were found, no data points were excluded from the statisti-
cal analysis. Normality was assessed in all data analyzed by using
the Kolmogorov-Smirnov (KS) test. Parametric tests were used
whenever KS test >0.05. If normality assumptions were not met,
non-parametric analysis (Mann-Whitney or Wilcoxon test) was
performed.

Initial behavioral analysis comparing male and female mice did
not show statistically significant differences (data not shown), thus,
males and females were joined in the same groups.

For appetitive Pavlovian conditioning behavior, two-way analy-
sis of variance (ANOVA) for repeated measures was used to assess
learning in D1- and A2A-cre mice (factors used: pokes during CS vs.
pokes during ITI vs. day of training). Bonferroni's post hoc multi-
ple comparison test was used for group differences determination.
Additionally, a linear regression was also performed to assess the
correlation between number of nose pokes during CS and days of
training.

For the aversive Pavlovian conditioning session (day 1), a one-
way ANOVA for repeated measures was applied to analyze percent-
age (%) of freezing throughout the trials. Statistical analysis between
two time points was made using two-tailed paired Student's t test
to compare percentage of freezing in the first and last trials on day
1 and to compare percentage of freezing in the CS-US trials and
CS-only trials on day 2. One-way ANOVA for repeated measures
was performed to compare percentage of freezing in the first 5,
intermediate 5, and last 5 trials of day 3 of the aversive Pavlovian
conditioning.

Regarding fiber photometry data analysis, to assess differences
in mean fluorescence before and after CS or US, a two-tailed paired
Student's t test was used. To determine differences in mean fluo-
rescence from day 1, day 6, and day 12 of appetitive Pavlovian
conditioning, a one-way ANOVA for repeated measures was used;
Bonferroni's post hoc multiple comparison was used for group dif-
ferences. To assess differences between AUC of D1- versus D2-
neurons, a two-tailed Student's t test was used.

Data are presented as mean=+standard error of the mean (SEM).
Individual points are shown in the graphs. Statistical significance was
accepted for p<0.05. All significant statistical comparisons are pre-
sented in the Results section.

3 | RESULTS

3.1 | Mice acquire appetitive Pavlovian
conditioning

To examine real-time activity of NAc D1- and D2-neurons in vivo during
associative learning, fiber photometry recordings of GCaMPéf fluo-
rescence signals in D1- and A2A-cre mice was conducted (Figure 1a-c;
Figure S1a-f). The use of the A2A-cre transgenic mouse line restricts
expression to D2-MSNs, excluding the cholinergic interneurons that
also express D2R (Gallo, 2019). After multiple sessions of Pavlovian
conditioning, both D1- and A2A-cre mice displayed consistent antici-
patory poking to the cue, indicating that the cue-reward association
had been learned (example of D1-cre mouse in Figure 1d; example of
A2A-cre mouse in Figure 1g). D1-cre mice successfully learned the
association, given the significantly higher number of pokes/minutes
during CS in comparison to ITI (Figure 1e; repeated measures two-way
ANOVA; CS vs. ITI: F1,12=19-1* p=0.0009; interaction: F11V132=4.0,
p<0.001). Post hoc analysis revealed a significant difference between
pokes/minute during CS and ITl starting at day 9 of training (Figure 1e;
Bonferroni post hoc; day 9, p=0.0123; day 10, p=0.0388; day 11,
p=0.0491; day 12, p=0.0094). In addition, a significant increase in
the total number of pokes in the food receptacle during the CS period
over days of training was observed (Figure 1f; simple linear regression;
r?=0.2992,5=32.79, p<0.0001). Similarly, A2A-cre mice successfully
learned the association, presenting increased number of pokes during
CS in relation to the ITIl across days of training (Figure 1h; repeated
measures two-way ANOVA; CS vs. ITl: FMO=9.9, p=0.0102; inter-
action: F11y110=12.39, p<0.0001). A significant difference between
pokes/minute during CS and ITl emerged from day 10 of training
forward (Figure 1h; Bonferroni post hoc; day 10, p=0.0510; day 11,
p=0.0178; day 12, p=0.0060). A significant increase in total number
of total pokes during the CS period across days of training was also
observed (Figure 1i; simple linear regression; r?=0.5739, S=37.37,
p<0.0001).

3.2 | Temporal evolution of NAc D1- and
D2-neurons activity during different stages of
appetitive conditioning

To verify neuronal activity, we recorded calcium signals from NAc
D1- and D2-neurons (using A2A-cre mice) through fiber photometry
during appetitive Pavlovian learning.

We divided our analysis in early (day 1), intermediate (day 6),
and late (day 12) phases of learning. We used a bootstrapped 95%
Cl procedure (Bland & Altman, 2015; Jean-Richard-dit-Bressel
et al., 2020) to estimate population mean fluorescence (z score)
during the 3s prior and 7s after each event - CS exposure or US
consumption. A significant increase in fluorescence was deter-
mined whenever the lower bound of the 95% Cl was >0. Points
of statistical significance are represented in the PSTHs colored in
red. Given that mice do not consume the reward in all the trials,
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FIGURE 1 Acquisition of appetitive Pavlovian conditioning by D1- and A2A-cre mice during fiber photometry recordings of NAc neurons.
(a) Scheme showing the strategy for fiber photometry recording of GCaMP6f in NAc D1- or D2-neurons. (b) Expression of GCaMPé6f in the
NAc and fiber tip location; scale bar: 250 um. (c) The appetitive Pavlovian conditioning involved learning to associate a 5-kHz tone and house
light (CS) with 20% sucrose reward (US). Representative poke raster of a (d) D1-cre mouse and a (g) A2A-cre mouse, depicting individual
pokes that were detected on day 1, day 6, and day 12 of behavioral learning. (¢) Number of pokes/minute during CS and ITl in D1-cre mice
and in (h) A2A-cre mice. Correlation between number of pokes and Pavlovian session in (f) D1-cre mice and in (i) A2A-cre mice. Data are
means+SEM. np, . =7 mice; ny,, =6 mice. *p<0.05, **p=<0.01, ***p <0.001. CS, conditioned stimulus; ITI, inter-trial interval; NAc,

nucleus accumbens; US, unconditioned stimulus.

especially in the first learning sessions, we only considered for
analysis the trials containing both events - CS and US consump-
tion. Nevertheless, the data considering all trials for CS exposure
is presented in Figure S2a-k.

Regarding day 1, D1-neurons showed a sharp increase in activ-
ity at CS onset, which gradually decreased with time (Figure 2a,d).
Analysis of the mean activity 2s before and 2s after CS onset shows
a significant increase in average activity of D1-cre mice (Figure 2g,
left; paired t test; t,=3.7, p=0.0100). A transient increase in activity
after US consumption was observed (Figure 2a,d).

On day 6 of learning, D1-neurons increased activity during CS
(Figure 2b,e,h left; paired t test; t,=3.6, p=0.0110). After reward

consumption, D1-neurons present a sharp decrease in activity
=2.3,p=0.0500).

On day 12, we observed a transient increase in fluorescence

(Figure 2b,e,h right; paired t test; t,

after CS that returns to baseline some seconds after. After sucrose
consumption, D1-neurons decrease activity (Figure 2c,f,i; paired
t test; CS: t,
crease in activity ~3-4s after consumption.

=3.8, p=0.0089), though we observe a posterior in-

Regarding D2-neurons, on day 1, we observe a slow increase in
activity at CS onset, which gradually decreases (Figure 2j,m,p left;
paired t test; CS: t;=3.4, p=0.0187). After reward consumption, D2-
neurons activity sharply decreases (Figure 2j,0,p right; paired t test;
US: t;=3.4,p=0.0187).
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FIGURE 2 Dynamic activity of D1- and D2-neurons during different phases of appetitive Pavlovian conditioning. Heatmaps representing
single trial z score activity of D1-neurons in response to CS and US consumption in the first (day 1 - a), intermediate (day 6 - b), and last
session (day 12 - c) of appetitive learning. The z-score activity of D1-neurons in response to CS and US consumption in the first (day 1 - d),
intermediate (day 6 - e), and last session (day 12 - f) of appetitive learning; red lines on PSTHs represent moments of statistical significance
in bootstrapping analysis. Bar graphs showing mean activity of D1-neurons before and after CS or US consumption (day 1 - g; day 6 - h;
day 12 - i). Heatmaps representing single trial z-score activity of D2-neurons in response to CS and US consumption in the first (day 1 - j),
intermediate (day 6 - k), and last session (day 12 - |) of appetitive learning. The z-score activity of D2-neurons in response to CS and

US consumption in the first (day 1 - m), intermediate (day 6 - n), and last session (day 12 - o) of appetitive learning; red lines on PSTHs
represent moments of statistical significance in bootstrapping analysis. Bar graphs showing mean activity of D2-neurons before and after
CS or US consumption (day 1 - p; day 6 - g; day 12 - r). PSTH data are trial means+SEM; bar data are animal means+SEM. n, ... =7 mice;

Nppacre =6 Mice. **p<0.01, ***p <0.001.
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On day 6, we observed a transient increase in D2-neuronal activ-
ity during CS (Figure 2k,n,q left; paired t test; CS: t,=3.1,p=0.0270),
and a decrease in activity after reward consumption (Figure 2k,n
right).

On day 12, when learning is fully established, D2-neuronal cal-
cium activity slightly increases at cue onset (Figure 2l,0,r left; paired
ttest; CS:t;=3.0,p =0.0311). There is a transient increase in activity
in response to US consumption (Figure 2l,0,r right; paired t test; US:
t;=2.3, p=0.500), followed by a decrease afterwards.

As observed in the PSTHs of days 6 and 12, immediately before
reward consumption, both neuronal populations present a slight
increase in activity. This could reflect motivational or anticipatory
signals but could also reflect movement-related activity. Thus, we
fitted a linear regression model in which the GCaMPéf signal of D1-
or D2-neurons was modeled as the sum of the convolution of differ-
ent behavioral events with a response kernel that corresponded to
that event (Figure S3). The events included signals from movement
initiation, rest, pokes, CS and US consumption. To be able to disam-
biguate between each kernel, we only included signals of events that
were not surrounded by other events within a 2-s window. Analysis
was focused on the last day of training since this reflects a phase
in which CS-US association is consolidated. While we cannot fully
exclude the contribution of other events for the observed GCaMPéf
signals, the main changes in activity during CS and US consumption
are still present when looking at the isolated signals (D1-neurons:
Figure S3a-h; D2-neurons: Figure S3i-p). This suggests that cue
onset and the consumption of the reward are the main contributors
for the activity changes observed after CS and US.

To compare the temporal evolution of the activity of D1- and D2-
neurons during learning, we applied a Wilcoxon sum of signed rank
analysis to the PSTH for the cue period (0-7s after CS onset) and US
consumption period (0-7s after US delivery) (Figure S4). Comparison
of the fluorescence signals of D1- and D2-neurons during the three
phases of learning shows that significant differences exist between
neuronal types (Figure S4). On day 1 of training, a significantly higher
signal is observed in D1-neurons at CS onset (Figure S4a; Wilcoxon sum
of signed ranks, W=-187394, p<0.0001) and to the US consumption
(Figure S4c; Wilcoxon sum of signed ranks, W=-417241, p<0.0001).
This difference was further confirmed by a significantly higher AUC in
both moments (2s after event onset; Figure S4b, CS: unpaired t test;
t,;=2.2,p=0.0471; Figure S4d, US: U,; =4.0, p=0.0140).

On day 6, D1-neurons' signal was also higher in comparison to D2-
neurons in response to CS (Figure S4e,f; Wilcoxon sum of signed ranks,
W=-417241, p<0.0001). The response to US of the two populations
was distinct, with D2-neurons showing lower activity after US onset
(Figure S4g,h; Wilcoxon sum of signed ranks, W=-417241, p<0.0001).

On day 12, D1- and D2-neurons show distinct magnitude re-
sponses during the CS and US (Figure S4i,j, CS: Wilcoxon sum of
signed ranks, W=-417241, p<0.0001; Figure S4k,l, US: Wilcoxon
sum of signed ranks, W=-270225, p<0.0001).

These data suggest that both D1- and D2-neurons activity
changes throughout learning, and that there are differences be-
tween neuronal types.

=—Wl LEYJ—9

3.3 | D1- and D2-neuron responses to CS and US
activity during appetitive Pavlovian conditioning

Neurochemistry

Considering the differences between D1- and D2-neurons as learn-
ing progresses, we evaluated the average calcium activity in re-
sponse to CS and US onset over days of the Pavlovian task. To do so,
we calculated the average activity of each mouse to CS onset (from
0 to 2s; considering CS start at 0s) and to US onset (from O to 2s;
considering US consumption at Os) across days of training.

Interestingly, the activity of D1-neurons decreases at CS onset
over days of training (Figure 3a), with a significant negative correla-
tion between mean activity and days of training (Figure 3a; simple
linear regression; r?=0.09128, S=0.6830, p=0.0349). The mean
fluorescence significantly decreased over days (Figure 3b; repeated
measures one-way ANOVA,; F3’7=4.7, p=0.0394), though no signifi-
cant differences between individual days were observed. Regarding
US period, no significant correlation between day of training and
mean fluorescent was observed (Figure 3c,d).

Regarding D2-neurons, we observed a significant negative cor-
relation between mean activity at CS onset and days of training (sim-
ple linear regression; r2=0.1723, $=0.4370, p=0.0063; Figure 3e).
Mean fluorescence over days was not significantly different.
Regarding activity at US consumption, a significant positive correla-
tion between activity at US and days of training was present (sim-
ple linear regression; r?=0.1480, S=1.235, p=0.0119; Figure 3g).
A significant difference across days was found (Figure 3h; repeated
measures one-way ANOVA; F3,6=1‘8, p=0.0288) with higher fluo-
rescence signals being observed on day 12 in comparison to day 1
(Bonferroni post hoc analysis, day 1 vs. day 12, p=0.0003).

In sum, these results show a gradual decrease in the activity of
D1- and D2-neurons in response to CS throughout learning, and a

gradual increase in response to US in D2 neurons.

3.4 | Mice acquire freezing responses to aversive
Pavlovian conditioning

After the appetitive Pavlovian conditioning, the same mice per-
formed an aversive Pavlovian conditioning paradigm (Figure 4).

On the conditioning session (day 1), we observe an increase in
freezing over the trials for both D1-cre (Figure 4b; repeated measures
one-way ANOVA; Fios= 50.9,p<0.0001) and A2A-cre mice (Figure 4f;
repeated measures one-way ANOVA, Fi06=35.58, p<0.0001). In ad-
dition, a significantly higher percentage of freezing was observed in
the last trial when compared with the first trial (Figure 4c, paired t test;
D1-cre: W =36, p=0.0078; Figure 4g, A2A-cre: t;=16.4, p<0.0001).
In the omission session (day 2), mice still presented a high percentage
of freezing responses to the shock-predicting cue (D1-cre: Figure 4d;
A2A-cre: Figure 4h). All mice presented similar percentages of freezing
in trials with shock delivery or shock omission, which is expected given
the random occurrence of omission trials. In the US extinction session
(day 3), both D1-cre (Figure 4e) and A2A-cre (Figure 4i) mice presented
freezing responses to the shock-predicting cue, despite absence of
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shock, even in the last trials (last 5 out of 30) of the session, indicating

presence of CS-triggered fear memory.

3.5 | D1- and D2-neurons activity during aversive
Pavlovian conditioning

During all sessions of the aversive Pavlovian conditioning (Figure 4),
calcium transients were recorded. Like in appetitive data, we applied
a bootstrapped 95% Cl procedure to identify activity changes.

On the conditioning day, D1-neurons responded to both CS and
US. D1-neurons developed a transient increase in response to the
CS (Figure 5a,d,g; t,=3.4,p=0.0146). In response to US, D1-neurons
developed a robust and sustained increase in activity (Figure 5a,d,g;
paired t test; t,=10.4, p<0.0001) that started to decrease ~3s after
US onset (Figure 5d).

D2-neurons showed a sustained increase in activity in response
to the cue (Figure 5j,m,p; paired t test; t;=4.8, p=0.0048). In re-
sponse to the US, D2-neurons showed a sharp significant increase
in activity (Figure 5j,m,p; paired t test; t;=7.3, p=0.0008), with the
activity decreasing to baseline level ~2s after US exposure.

To investigate potential effects of movement or freezing behav-
ior on the activity responses to CS and US, we employed the same
regression analysis as described for appetitive behavior. In this case,

we defined four kernels - movement initiation, freezing start, CS,
and US (Figure S5). Both populations show responses to CS and US
that resemble those from the kernels (D1-neurons: Figure S5a-g;
D2-neurons: Figure S5h-n), thus, strongly suggesting that these
events are the major contributing factors for the changes in activity
observed during the task main events.

Interestingly, comparison of the activity of D1- and D2-neurons
during cue (0-10s from CS onset) and US (0-8s from US onset) re-
veals differences in the temporal evolution of the activity of these
populations in the conditioning session (Figure S6). D2-neurons
show higher response during the CS period in comparison to D1-
neurons (Figure Séa; Wilcoxon sum of signed ranks, W=839013,
p<0.0001). Despite the distinct pattern of temporal activity, no dif-

ferences in AUCs were found (Figure Séb,c).

3.6 | D1- and D2-neurons respond to US omission

On the day after conditioning, mice received 30 trials with 20 CS-US
pairings and 10 trials of CS-no US, arbitrarily assigned.

On the CS-US trials, we observed similar activity to what was
observed in the conditioning trials on day 1 (Figure 5b,e,h). On the
CS-no US trials, D1-neurons increased activity in response to the
CS (Figure 5b,e [dashed line],h; paired t test; t,=2.7, p=0.0500) until
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the US, being then followed by a decrease to baseline levels only a
few seconds after US omission.

Regarding D2-neurons, on day 2, in the CS-US trials we observe
the same as in conditioning day (Figure 5k,n,q). On the CS-no US
trials of day 2, D2-neurons presented a sustained increase in activity
in response to CS [Figure 5k,n (dashed line), Q; paired t test; t;=3.1,
p=0.0272], until some seconds after US omission.

When analyzing the temporal activity of D1- and D2-neurons, it is
possible to observe a more pronounced activation of D2-neurons in com-
parison to D1-neurons during the CS (Figure Sé6d; Wilcoxon sum of signed
ranks; Shock trials: W=832363, p<0.0001; no-Shock trials: W=769 527,
p<0.0001) and the US (Figure Sé6d; Wilcoxon sum of signed ranks; Shock
trials: W=541320, p<0.0001; no-Shock trials: W=438884, p<0.0001).
Yet, when looking at AUC of immediate response to either CS or US, no

statistically significant differences were found (Figure Sée,f,h,i).

3.7 | D1-and D2-neuron activity in responses to
US extinction

On the third day, animals went through an extinction session, in
which they were exposed to 30 trials of CS only. Both D1- and D2-
neurons' activity increases at CS onset (D1-neurons: Figure 5c,fi;
paired t test; t,=3.0, p=0.0253|D2-neurons: Figure 5l,0,r; paired

t test; t;=3.3, p=0.0226). In response to shock omission, neither
D1-neurons nor D2-neurons significantly change activity, remaining
above baseline for some seconds after US omission (D1-neurons:
Figure 5c¢,f,i; D2-neurons: Figure 5l,0,r).

D2-neurons show a significantly higher temporal activity in re-
sponse to CSin the US omission session, like the conditioning and omis-
sion sessions (Figure S6j; Wilcoxon sum of signed ranks, W=798921,
p<0.0001). Yet, AUC of the immediate response to CS (0-2s from CS
onset) was not different between both populations (Figure Sék,l).

In summary, these results show that both D1- and D2-neurons
present significant CS responses, with D1-neurons returning to base-
line activity before US exposure on the conditioning session and D2-
neurons maintaining increased activity over the entire period of CS. In
response to the US, a very sharp increase in activity is observed in both
populations, though D2-neurons show a faster decay. In the US omis-
sion and extinction sessions, both populations show increased activity
to the CS, but D2-neurons reveal higher magnitude of response.

4 | DISCUSSION

Accumulating evidence has shown that the NAc plays an impor-
tant role in mediating Pavlovian associations (Day et al., 2006;
Day & Carelli, 2007; Roitman et al., 2005; Wan & Peoples, 2006)
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FIGURE 5 Dynamic activity of D1- and D2-neurons during aversive Pavlovian conditioning. Heatmaps representing single trial z-score
activity of D1-neurons in the acquisition session (CS-US - a), in the omission session (1/3 of CS-no US trisld - b), and in the extinction
session (CS-no US - c). The z-score activity of D1-neurons in response to CS and US in the (d) acquisition session, in the (e) omission session,
and in the (f) extinction session; red lines on PSTHs represent moments of statistical significance in bootstrapping analysis. Bar graphs
showing mean activity of D1-neurons before and after CS or US exposure (acquisition session - g; omission session - h; extinction session - i).
Heatmaps representing single trial z-score activity of D2-neurons in the (j) acquisition session, in the (k) omission session, and in the (I)
extinction session. The z-score activity of D2-neurons in response to CS and US in the (m) acquisition session, in the (n) omission session, and
in the (o) extinction session; red lines on PSTHSs represent moments of statistical significance in bootstrapping analysis. Bar graphs showing
mean activity of D2-neurons before and after CS or US exposure (acquisition session - p; omission session - q; extinction session - r). PSTH

data are trial means + SEM; bar data are animal means+SEM. ny, . =7 mice; ny,, . =6 mice. **p<0.05, **p=<0.01, ***p <0.001.

and that accumbal neurons respond to both CSs and USs (Roitman
et al., 2005). However, there is still lack of information about the
genetic nature of these neurons. Recent studies from our group have
shown that optogenetic manipulation of both D1- and D2-MSNs
can trigger positive and negative reinforcement (Soares-Cunha
et al., 2020), depending on the pattern of MSN stimulation, suggest-
ing that both populations play a role in positive and negative associa-
tive learning. Here, we used fiber photometry to track bulk calcium
transients in D1- and D2-neurons during appetitive and aversive
Pavlovian conditioning.

Throughout appetitive Pavlovian training, D1- and A2A-cre mice
exhibit an increase in the number of nose pokes during CS presen-
tation in relation to ITI, showing that animals learn the association
between CS and US (sucrose). Importantly, this behavioral effect
was accompanied by a gradual decrease in D1- and D2-neuronal
activity during the cue as animals learn the association between
CS and US. There is an increase in the activity of D1 and D2 neu-
rons during the CS period in the first day, with a significant decay
in the magnitude of this response in subsequent days of training.
This suggests that these two NAc sub-populations are dynamically
changing activity as Pavlovian associations are acquired. Similarly,
seminal electrophysiological studies have shown that NAc neurons
develop responses to cues paired with sucrose and quinine (Roitman
et al., 2005; Setlow et al., 2003). Although there are studies show-
ing that these sub-populations have an opposing function (Hikida
et al., 2010, 2016; Kravitz et al., 2012; Volman et al., 2013), our
data show that both populations change activity during appetitive
Pavlovian conditioning.

Interestingly, after reward consumption, both D1- and D2-
neurons present a decrease in activity, with this effect being more
pronounced in D2-neurons. Although the functional role of this
asymmetric response needs further investigation, our findings are
in accordance with electrophysiological data showing that a large
portion of NAc neurons decrease activity during reward delivery
(Carelli, 2004; Janak et al., 2004; Roitman et al., 2005). Although we
cannot fully exclude the contribution of movement-related changes
in activity, the linear regression model revealed that cue onset and
the consumption of the reward are the main contributors for the ac-
tivity changes observed in the calcium data.

We also measured D1- and D2-neurons activity during aversive
Pavlovian conditioning in the same animals. As expected, animals

exhibit robust freezing behavior in response to the cue in the last

shock trial, in comparison to the first trial of conditioning. Moreover,
in trials without shock (days 2 and 3), animals still present freezing
responses, showing that the fear association was formed.

Photometry data showed that D1- and D2-neurons also increase
activity in response to the CS predicting the aversive US, in line with
previous electrophysiological studies of non-identified NAc neu-
rons (Ray et al., 2022; Roitman et al., 2005; Setlow et al., 2003). In
the conditioning session, both D1- and D2-neurons present sharp
peaks of activity in response to shock. In agreement with our data,
electrophysiological recordings in the NAc show that the delivery of
quinine, an unpleasant taste US, elicits mainly excitatory responses
in NAc neurons (Roitman et al., 2005). In addition, an increase in NAc
firing rates was also observed in response to other aversive USs like
air puff (Yanagimoto & Maeda, 2003). Importantly, both neuronal
populations responded similarly to unexpected omission trials (day 2),
as well as to shock extinction conditions (day 3).

Our results corroborate a model of co-existing contribution
of D1- and D2-neurons for rewarding and aversive associative
learning since both populations show significant activity changes
throughout the task and learning. Yet, it is important to refer that
fiber photometry calcium imaging reflects bulk population activity,
lacking single-cell resolution. Considering recent single-cell RNA se-
quencing data, at least 18 MSN sub-types exist in the NAc (Chen
et al., 2021), suggesting that even within D1- and D2-neurons, func-
tional sub-populations co-exist. Indeed, a study using miniaturized
microscopes to monitor single cell activity with calcium indicators in
the medial and lateral NAc shell shows distinct types of responses
to unexpected rewards (water) in both D1- and D2-MSNs (Chen
et al., 2023). This approach or electrophysiological recordings with
optogenetic tagging of D1- or D2-neurons would be very interesting
to perform in animals during appetitive and aversive Pavlovian con-
ditioning to better understand the contribution of these neurons for
these processes. In addition, although recording neuronal activity
from the same mouse in both appetitive and aversive learning poses
as a great advantage for direct comparison of activity between
learning tasks with opposing valence, generalization could occur,
possibly impacting on neuronal activity.

Overall, our results show a relevant involvement of both NAc
D1- and D2-neurons in reward and aversion processing, in line with
previous optogenetic modulation data from our team (Soares-Cunha
et al., 2020). Thus, this study reveals that accumbal D1- and D2-
neurons present orchestrated and partially overlapping changes
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in activity in response to rewarding and aversive events, a process
far more complex than the one described by the classical opposing

model of ventral basal ganglia function.
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