Brain Structure and Function (2020) 225:2815-2839
https://doi.org/10.1007/500429-020-02161-z

ORIGINAL ARTICLE q

Check for
updates

Projections from the nucleus accumbens shell to the ventral pallidum
are involved in the control of sucrose intake in adult female rats

Sandrine Chometton'2 - Geneviéve Guévremont' - Josée Seigneur® - Elena Timofeeva' - Igor Timofeev?3

Received: 15 April 2020 / Accepted: 15 October 2020 / Published online: 29 October 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

In rodents, stimulation of the nucleus accumbens shell (AcbSh) directly or via its projection to the lateral hypothalamus (LH)
attenuates food intake. The ventral pallidum (VP) receives dense projections from the AcbSh and is sensitive to the hedonic
aspect of food and motivation for reward. However, the role of accumbal projections to the VP in the regulation of food
intake was not well investigated. In the present study conducted on female rats, we examined the effects of stimulation of the
AcbSh using optogenetics, or pharmacological inhibition of the rostral VP, or stimulation of projections from the AcbSh to
the rostral VP using optogenetics on the consumption of 10% sucrose, lick microstructure and the expression of c-fos mRNA.
Stimulation of the AcbSh, inhibition of the rostral VP with muscimol, or stimulation of axonal terminals from the AcbSh to
the rostral VP resulted in a decrease in sucrose intake, meal duration, and total number of licks. The licking microstructure
analysis showed that optogenetic stimulation of AcbSh or axonal terminals from the AcbSh to the rostral VP decreased
the hedonic value of the sucrose. However, inhibition of the rostral VP decreased the motivation, whereas stimulation of
the accumbal projections in the rostral VP increased the motivation to drink. This difference could be due to differential
involvement of GABAergic and glutamatergic VP neurons. Stimulation of the AcbSh resulted in a decrease of c-fos mRNA
expression in the LH and rostral VP, and stimulation of axonal terminals from the AcbSh to the rostral VP decreased c-fos
mRNA expression only in the rostral VP. This study demonstrates that in adult female rats, in addition to the already known
role of the AcbSh projections to the LH, AcbSh projections to the VP play a major role in the regulation of sucrose intake.
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microstructure

Introduction more prevalent in women than men (Cossrow et al. 2016;

Asarian and Geary 2013; Hudson et al. 2007) and is strongly

In modern society, palatable food is ubiquitous, easily acces-
sible, very appealing, and it can be consumed without any
metabolic need. This phenomenon can lead to eating disor-
ders such as overconsumption and binge-eating, which are
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associated with a development of severe obesity (Hudson
et al. 2007).

In addition to the metabolic system, food intake behav-
ior is also regulated by the brain reward system (Ferrario
et al. 2016). The nucleus accumbens shell (AcbSh) is one of
the components of this circuit. The majority of the AcbSh
neurons are projecting gamma-aminobutyric acidergic
(GABAergic) medium spiny neurons (MSNs); the remain-
ing neurons are GABAergic or cholinergic local circuits
interneurons (Meredith 1999). AcbSh neurons project to
several structures such as the ventral tegmental area or the
lateral preoptic area, but the major targets are the lateral
hypothalamus (LH) and the ventral pallidum (VP) (Usuda
et al. 1998; Heimer et al. 1991).

A large proportion of AcbSh neurons reduced firing rates
during sucrose consumption and electrical stimulation of the
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same neuronal groups abruptly interrupted licking (Krause
et al. 2010). A reduction of the AcbSh neurons excitabil-
ity with glutamate antagonists increases food intake; this
increase is abolished by injection of the GABA, agonist
muscimol into the LH (Maldonado-Irizarry et al. 1995).
Inhibition of the AcbSh neurons with GABA agonists
induces an increase in c-Fos expression in LH neurons
(Stratford 2005), and associated increase in food intake
(Stratford and Kelley 1997). This effect is mediated by
dopamine D1-receptor expressing AcbSh MSNs that sent
GABAergic projections to the LH, and the activation of their
terminals in LH stops feeding (O’Connor et al. 2015). Thus,
the role of direct projections from Acbsh neurons to the LH
is well characterized in the literature.

The function of AcbSh projections to the VP is less
known. The VP contains predominantly GABAergic neu-
rons, but also a proportion of cholinergic and glutamater-
gic cells (Root et al. 2015; Tooley et al. 2018; Faget et al.
2018). They receive projections from the D1- and D2-recep-
tor expressing AcbSh MSNs (Creed et al. 2016; Robertson
and Jian 1995; Lu et al. 1998; Kupchik and Kalivas 2017).
Pharmacological studies demonstrated that the blockade
of GABA , receptors in the VP increases food consump-
tion (Stratford et al. 1999), specifically the saccharin intake
without variation in water intake (Shimura et al. 2006). On
the contrary, inhibition of the VP with GABA, agonists
decreases both saccharin and water intake, and it increases
the aversive responses to the intraoral infusion of saccharin
(Shimura et al. 2006). The unilateral lesion of the VP or
the LH attenuates the increase of food intake observed after
muscimol-induced ipsilateral inhibition of AcbSh (Stratford
and Wirtshafter 2012). However, bilateral lesions of the VP
produce aphagia and enhanced aversive reactions to sucrose,
whereas lesions of the LH only produce aphagia (Cromwell
and Berridge 1993).

The AcbSh and the VP are both implicated in regulation
of food intake behavior, but the function of the direct pro-
jections from the AcbSh to the VP is not clear. We hypoth-
esized that inhibitory control exerted by the AcbSh over the
VP plays a major role in a control of sucrose consumption.
The goal of our study was to examine whether stimulation
of the AcbSh induces a decrease in sucrose intake in adult
female rats in our experimental conditions, and to analyze
the role of direct projections of the AcbSh to the VP on this
behavior.

Materials and methods
All experiments were carried out according to the guidelines

of the Canadian Council on Animal Care in Science and
Use of Laboratory Animals, and the experimental protocols
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were approved by the institutional Université Laval animal
care committee.

Animals

Female Sprague—Dawley adult rats (250-275 g, n=>51) were
purchased from the Canadian Breeding Laboratories (St-
Constant, QC, Canada). The rats were housed in individual
plastic cages lined with wood shavings and maintained on
a 12:12 h light-dark cycle, with an ambient temperature
of 23 +1 °C. Rats were left undisturbed for at least 5 days
to adapt to the new environment. Rats had free access to
standard laboratory rat chow (2018 Teklab Global 18% Pro-
tein Rodent Diet; 3.1 kcal/g, Harlan Taklab, Montréal, QC,
Canada) and tap water.

Stereotaxic surgeries

Each rat was initially deeply anesthetized using 4% isoflu-
rane and placed in a stereotaxic instrument (Kopf Instru-
ments). Surgery procedures were performed under 2.5%
isoflurane anesthesia along with systemic (buprenorphine,
0.02 mg/kg, subcutaneous injection) and local [mixture of
lidocaine (7 mg/kg) and bupivacaine (3.5 mg/kg), subcuta-
neous injection] analgesics.

For electrophysiology and behavioral optogenetic
experiments we used the adeno-associated virus AAV2-
hSyn-ChR2-eYFP (3.9 x 10'?GC/ml; UNC Vector Core,
Dr. Karl Deisseroth repository). The AAV2-hSyn-eYFP
(3.4x 10">GC/ml; UNC Vector Core, Dr. Karl Deisseroth
repository) was used for control. We injected bilater-
ally 500 nl of AAV solution into the nucleus accumbens
shell (1.9 mm rostral to the bregma, 1.3 mm lateral to the
midline, 8.3 mm ventral from the skull surface) (Paxinos
and Watson 2007) via 30-um diameter glass micropipette.
The injection micropipette was slowly withdrawn 8 min
after the end of the infusion. For behavioral optogenetics
experiments, rats were bilaterally implanted with an optical
fiber (200 um core, Doric lenses, QC, Canada) dorsal to
the nucleus accumbens shell (same coordinates as for virus
injection) or to the ventral pallidum (0.3 mm rostral to the
bregma, 1.5 mm lateral to the midline, 7.8 mm ventral from
the skull surface) (Paxinos and Watson 2007). The cannulas
were fixed to the skull using three stainless steel screws and
dental cement.

For pharmacological stimulation of GABA receptor in
VP, bilateral 26-gauge stainless steel cannulas (Plastics One,
Roanoke, VA, USA) were implanted using the stereotaxic
technique. The guide cannulas were aimed at the coordinates
0.3 mm rostral to the bregma, 1.5 mm lateral to the mid-
line and 7 mm ventral from the skull surface (Paxinos and
Watson 2007). The guide cannulas were fixed to the skull
using three stainless steel screws and dental cement. Fitting
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stainless steel obturators were inserted inside each cannula
to prevent blockage and infection.

Each rat received subcutaneous injection of anti-inflam-
matory meloxicam (1 mg/kg) for 2 days after surgery.
Behavioral experiments were performed 3 weeks (for
optogenetics) and 1 week (for GABA agonist experiments)
after stereotaxic manipulations.

Electrophysiology

For in vitro experiments, 4 weeks after ChR injection in
the AcbSh, rats were deeply anesthetized (60 mg/kg ket-
amine plus 7.5 mg/kg xylazine). The brains were quickly
dissected and maintained in ice-cold artificial cerebrospi-
nal fluid (aCSF) containing: 124 mM NaCl, 2.8 nM KCl,
1.2 mM CaCl,, 2 mM MgSO,, 1.25 mM NaH,PO,, 26 mM
NaHCOj; and 10 mM D-glucose (Sigma-Aldrich, Canada)
(pH 7.4), aerated with 95% O, and 5% CO,. Osmolarity
was 300+ 5 mOsm. Sagittal slices (250 um) were prepared
with a vibratome (VT1200 S, Leica Microsystems Inc.,
Canada) to obtain sections containing the AcbSh. Slices
were transferred to a holding chamber and kept at room
temperature for at least 1 h in the same aCSF aerated with
95% O, and 5% CO,. Then the brain slices were transferred
into a submerged recording chamber maintained at 34 °C,
containing the perfusion aCSF at a rate of 3 ml/min. ChR-
expressing cells in the AcbSh were identified using a CCD
camera (PentaMax, Princeton Instrument, NJ, USA) on a
fluorescent upright microscope with optic filters for emis-
sion wavelengths 488 nm. Using Axon pClamp 9 (Molec-
ular Devices, CA, USA) we obtained somatic whole-cell
current-clamp recordings (10-15 MQ access resistances)
with patch pipettes (resistance between 3—5 MOhm) con-
taining the following: 130 mM potassium D-gluconate,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 10 mM KCl, 2 mM MgCl,, 2 mM ATP, 0.2 mM
GTP (Sigma-Aldrich, Canada) and 0.2% Neurobiotin (Vec-
tor Laboratories Canada Inc.) at pH 7.2 and 280 mOsm.
Neurons were recorded at resting potential (—65 mV) or
a steady depolarizing current was injected to maintain the
membrane potential near firing threshold (~—50 mV). Optic
fiber (50 pm) was placed in the vicinity of the recorded neu-
ron. Blue light pulses (LED, 470 nm, 1-2 mW, 10-500 ms
duration) were used to stimulate ChR2-expressing nucleus
accumbens neurons. All recorded neurons were intracel-
lularly stimulated with hyper- and depolarizing current
pulses in a range between — 100 pA and 300 pA (pulse dura-
tion 500 ms) for cell identification. Neurons that displayed
regular-spiking firing pattern to depolarizing step currents
(Fig. 1a), a firing characteristic of medium spiny GABAer-
gic neurons of the AcbSh (Belleau and Warren 2000), were
investigated further for their response to optical stimulation

(Fig. 1c, d). Recorded neurons were filled with Neurobiotin,
and the images of the recorded neurons were acquired using
a confocal microscope (LSM 700, Carl Zeiss Microscopy
Gmbh, Germany).

Experimental design

All experiments were performed with ad libitum-fed rats
during the light period. Body weight (BW) was measured
before each session to assess the sucrose intake in milligram
per gram BW. During each 30-min experiment, rats had a
choice of drinking 10% sucrose solution or water.

Optogenetic behavioral experiments

Rats were habituated for 15 min over 2 days to an operant
chamber (MedAssociates, Saint Alban, VT, USA) equipped
with two photobeam lickometers to collect time stamps of
licking events, with fan and house light on, and water pre-
sented on one of the two lickometers attached to the wall.
Next, rats were habituated for 15 min over 2 days to the
optical cable connected to their head without optical stimu-
lation in the same operant chamber. Thereafter, rats were
given access to 10% sucrose solution and water for 30 min
over 3—4 days in the operant chamber to counter the neopho-
bia of sucrose solution and habituate them to drink sucrose
in the behavioral cage with attached optical cable. Each
rat (ChR-injected and control eYFP-injected groups) was
then experimented in the operant chamber for 30 min with
access to water and 10% sucrose solution, without and with
(20 Hz, 10 ms stimulation every 50 ms) blue-light stimula-
tion (465 nm LED delivering 12 mW at the tip of the fiber
patch cable; Plexon Inc., Texas, USA). Sessions without and
with blue-light stimulation were given in a counterbalanced
order to avoid the effect of days on sucrose intake and were
separated by at least 24 h. Between session, rats were left
undisturbed in their home cages. Consumption of water and
10% sucrose solution was calculated by weighing bottles
before and after 30-min access sessions.

Pharmacological experiment

Rats were habituated for 15 min over 2 days to the same
operant chamber (MedAssociates, Saint Alban, VT, USA)
used for optogenetics experiments and to the manipulation
for intra-VP injections by mock injection sessions with
removal and insertion of the steel obturators. Then rats
were given access to 10% sucrose solution and water for
30 min over 3—4 days in the operant chamber. Thereafter,
rats were randomly divided into two groups, and GABA
receptors agonists, either muscimol or baclofen, were
administered bilaterally into the VP using a within-subject
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Fig. 1 Electrophysiological validation of optogenetic stimulation
experiments. a Typical response of medial spiny neuron from the
AcbSh recorded in current-clamp mode to 60 pA 500 ms square
depolarizing pulse. b Image showing an example of patched cells. c,

design. Muscimol and baclofen (Tocris Bioscience, Bris-
tol, UK) were dissolved in sterile artificial cerebrospinal
fluid (aCSF, Harvard Apparatus, Holliston, MA). The
same aCSF was injected as vehicle (0 pmol). Rats received
simultaneous bilateral injection of 0.5 pl of either aCSF,
muscimol (1800 pmol/ul) or baclofen (1800 pmol/ul),
at a flow rate of 0.25 pl/min, via stainless steel bilateral
injectors (33-gauge) that projected 1 mm below the tip of
the guide cannula. After injection, the injector was left
in place for 5 min to ensure drug diffusion and prevent
drug leakage at the dorsal sites. The rats were then placed
in the operant chamber for 30 min with access to water
and 10% sucrose solution. Injections were performed in
a counterbalanced order and were separated by at least
48 h. Between sessions, rats were left undisturbed in their
home cages.
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d Sample whole-cell patch-clamp recording of neuronal depolariza-
tion in the same cell as in the recording in the panel (a), response
to 1 mW 500 ms (c) and 1 mW 10 ms (d) blue-light stimulation
(465 nm)

Estrous cycle

Vaginal smears were collected every day in the light phase
and stained with methylene blue (Sigma, Oakville, ON,
Canada). The phases of the estrous cycle were determined
morphologically after examination of the smear under
bright field microscope. Diestrus was characterized by
the presence of leukocytes and a low number of nucleated
epithelial cells. For the following phase, the proestrus, the
majority of cells were nucleated epithelial cells. During
estrus, the smear contained predominantly enucleated epi-
thelial cells. Finally, metestrus was characterized by the
presence of leukocytes and enucleated epithelial cells. The
estrous phases have no impact on sucrose intake (Calvez
and Timofeeva 2016), but a decrease in chow intake is
present on estrus. All experiments and sacrifices were
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thus performed during diestrus/metestrus phases, in which
there is less impact on chow intake.

Licking microstructure

Licking time stamps were acquired using a multi-channel
acquisition system (Tucker-Davis Technologies, Alachua,
FL, USA). The number of infrared beam interruptions by
tongue protrusion to bottle spout was assessed as the total
number of licks performed by rats during 30-min experi-
ment. The lick efficiency was calculated as total number
of licks divided by sucrose intake in ml. Then, sucrose
licking clusters were determined as a group of high-fre-
quency (3-9 Hz) licks occurring in a run of three or more
licks with pauses between clusters as inter-cluster inter-
vals (ICI) of 500 ms or longer. Sucrose licking bursts were
determined as a group of high-frequency licks occurring
in a run of three or more licks with pauses between bursts
as inter-burst intervals (IBI) of 3 s or longer. A custom-
written Matlab script (R2010a, The MathWorks™) was
used to automatically sort the lick data into lick clus-
ters based on ICI> 500 ms or into lick bursts based on
IBI >3 s. For each experiment, we calculated the meal
duration (in second) by adding the duration of all the
clusters/bursts recorded in 30 min of sucrose access, the
number of clusters/bursts, the cluster/burst size (in licks/
cluster or burst), the cluster/burst duration (in second), the
mean lick frequency within cluster/burst (licks/second),
and the mean inter-lick interval (ILI) within cluster/burst
(in ms).

Time spent in the sucrose zone and general
locomotor activity

Analysis of the time spent in the sucrose zone

The region in the operant chamber named the sucrose
zone, with the lickometer located at the sucrose bottle, was
defined as half of the width and quarter of the length (see
Fig. 2d). Position and movement of rats in the behavioral
cage were recorded on video camera and analyzed with
JWatcher software (https://www.jwatcher.ucla.edu/). Time
spent by each rat in the sucrose zone, with its head facing
or inside the lickometer, and in the other area of the cage
were calculated by the software. Percentage time spent in
the sucrose zone was calculated by dividing time spent
in sucrose lickometer area by total time spent in the cage
(30 min). Finally, percentage time spent in the sucrose
zone without drinking was calculated by subtracting time
spent in sucrose lickometer area by meal duration, and this
result was divided by total time spent in the cage (30 min).

Analysis of general locomotor activity

The operant chamber was divided into four equal zones (see
Fig. 2d). Position and movement of rats in the behavioral
cage were recorded on video camera and analyzed with
JWatcher software. The general locomotor activity was
determined for each rat by counting the number of crossing
the borders of zones for 30 min without sucrose bottle. Then,
the relative locomotor activity for each rat compared to the
control group was calculated as follows: value of a rat/aver-
age of the control group x 100.

Blood sample and brain preparation

At the end of the behavioral procedure, animals used for
optogenetic experiments were placed in the operant chamber
for 30 min without 10% sucrose bottle but with blue-light
stimulation, and transferred to their home cages for 30 min
without access to chow and water. Animals used for pharma-
cological experiments received a final injection of muscimol
or aCSF, and immediately after injection were transferred
to their home cages for 30 min without access to chow and
water. Then, all rats were deeply anesthetized (60 mg/kg
ketamine plus 7.5 mg/kg xylazine), intracardial blood was
collected, and they were perfused intracardially with saline
followed by a 4% paraformaldehyde solution. Brains were
removed and kept in paraformaldehyde for an additional
period of 7 days. Brains were then transferred overnight to a
solution containing 4% paraformaldehyde and 20% sucrose,
before being cut using a sliding microtome (Histoslide 2000,
Heidelberg, Germany). Thirty-micron-thick coronal sections
were collected and stored at —20 °C in a cold sterile cryo-
protection solution containing 50 mM sodium phosphate
buffer, 30% ethylene glycol and 20% glycerol.

Determination of plasma concentrations
of corticosterone

Blood samples were centrifuged (3400 RPM for 15 min at
4 °C) and plasma was stored at — 80 °C until the determi-
nation of corticosterone plasma levels in duplicate using
commercial ELISA kit (Cayman Chemical, Ann Arbor, MI,
USA; sensitivity 5.0 pg/ml).

Injection sites and cannula placements

To verify the location of injection sites and probes, brain
sections were mounted on poly-; -lysine-coated slides and
coverslipped with mounting medium. The expression of yel-
low fluorescent reporter protein (eYFP) was morphologi-
cally confirmed in the AcbSh for injection sites, as well as
cannula and optical fiber placements into the AcbSh or into
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Fig.2 Optogenetic stimulation of AcbSh neurons decreases sucrose
intake. a Schematic of AAV-hSyn-ChR2-eYFP injection into the
AcbSh and implantation of the optical fiber above the injection site
of female rats. Fluorescence images showing an example of injection
site and optical fiber position in the AcbSh (scale bar 250 um except
for a’” 60 pum; aca anterior commissure, anterior part, AcbC accum-
bens nucleus, core, AcbSh accumbens nucleus, shell). On the right,
brain atlas drawings (Paxinos and Watson 2007) showing the extent
of all ChR injections in the Acb (black: accurate injections, empty
circle: misplaced injections). The location of the fiber tips is not
shown on this figure but was above the injection sites. b Bar graph
showing 10% sucrose intake in mg/g body weight (BW) for 30-min
experiment in control (eYFP) and channelrhodopsin (ChR) groups
without (black) and with (gray) blue light stimulation (**p<0.01:
significant difference compared to ChR off; ##p <0.001: significant
difference compared to eYFP on). ¢ Bar graph showing 10% sucrose

@ Springer

General locomotor activity

10% sucrose intake

"

C misplaced ChR injections

50+

404 T
= 30
o
(o2} -
§, 20
10+
0-
& &
f
1501 = 50
T £ 407
o 100- T e 304
~ 4
> o T
2 g 201
L 10 T
o
c T T c T 1 |
e <& N <&

intake in mg/g body weight (BW) for 30-min experiment in ChR rats
with misplaced injections without (black) and with (gray) blue light
stimulation. d Schematic (top) of the behavioral cage with sucrose (S)
and water (W) entries and the delimitation of the sucrose zone (red),
and schematic (bottom) of the divisions (red) used in the behavioral
cage without sucrose or water to determine the locomotor activity.
e Bar graph showing the percentage time spent in the sucrose zone
(left) and the general locomotor activity expressed as percentage
of the eYFP group (right) for 30-min experiment in control (eYFP)
and channelrhodopsin (ChR) groups without (black) and with (gray)
blue light stimulation (**¥p <0.001: significant difference compared
to ChR off; *p <0.05: significant difference compared to eYFP on).
f Bar graph showing plasmatic corticosterone levels in ng/ml 30 min
after 30-min experiment with blue light stimulation without sucrose
in control (eYFP) and channelrhodopsin (ChR) groups
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the VP. Only rats with correct injection sites or cannula/
optical fiber placements were included in the data analysis.

In situ hybridization for c-fos mRNA

Levels of c-fos mRNA expression in the AcbSh, the VP and
the LH were detected using in situ hybridization. Briefly,
the sections were mounted on poly-; -lysine coated slides
and fixed for 20 min in 4% paraformaldehyde, digested for
25 min at 37 °C with proteinase K (10 pg/ml in 100 mM
Tris—HCI containing 50 mM EDTA, pH 8.0), acetylated
with acetic anhydride (0.25% in 0.1 M triethanolamine,
pH 8.0), and dehydrated through graded concentrations of
ethanol. Sections were incubated overnight with antisense
[*°S]-labeled cRNA probes (107 cpm/ml) for c-fos (gener-
ated from the 2116-bp fragment of rat c-fos cDNA, GenBank
accession number X06769.1; Dr I Verma, Salk Institute, La
Jolla, CA) at 60 °C. Slices were rinsed with sodium chlo-
ride-sodium citrate solution, digested with ribonuclease-A
(20 pg/ml) at 37 °C, washed in descending concentrations
of sodium chloride-sodium citrate solutions and dehydrated
through an ethanol gradient. Slides were defatted in tolu-
ene, dipped in nuclear track beta-2 nuclear emulsion (East-
man Kodak, Rochester, NY, USA), and exposed for 10 days
before developing. Tissues were counterstained with thionin,
dehydrated through graded concentrations of ethanol,
cleared in toluene and coverslipped with mounting medium.

Image analyses

Slides were examined with dark-field microscopy using
an Olympus BX61 microscope (Olympus Canada, Rich-
mond Hill, ON, Canada). Images were acquired with a
DVC-2000C digital camera (DVC Company Inc., Austin,
TX, USA) and analyzed with Stereo Investigator software
(MBF Bioscience, Williston, VT, USA). The system was
calibrated for each set of analyses to prevent saturation of the
integrated signal. Mean optical density (OD) was obtained
by measuring the OD of pixels of the positive hybridization
signal in sections of the nucleus accumbens shell (from 2.20
to 1.00 mm rostral to the bregma), the rostral ventral pal-
lidum (from 0.40 rostral to 0.12 mm caudal to the bregma),
the caudal ventral pallidum (from 0.12 to 0.50 mm caudal
to the bregma) and the lateral hypothalamus (from 2.00 to
3.50 mm caudal to the bregma), and subtracting the back-
ground readings taken from the areas immediately sur-
rounding the analyzed region, using homemade script on
Matlab (R2010a, The MathWorks™. A threshold depicting
positive hybridization signal was set for pixels with OD > 5
times the background for all micrographs captured with the
same luminosity. The OD measurements were performed
in the regions of interest outlined bilaterally on five to six
(AcbSh), three to four (rostral or caudal VP) and seven to

eight (LH) consecutive brain sections. The individual score
of each rat was normalized to the mean value of the con-
trol group (mean value of each rat / mean value of the con-
trol group X 100) to obtain the relative expression of c-fos
mRNA.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
statistical software, V6.04 (GraphPad Software Inc, La
Jolla, CA, USA). The sample size was calculated using the
resource equation approach for comparison of two groups
with two repeated measurements (Arifin and Zahiruddin
2017). Results are presented as mean + standard error of
mean (SEM). For sucrose intake, lick microstructure param-
eters and percentage time in sucrose zone for optogenetic
experiments, two-way repeated-measures ANOVA was
used to detect the main and interactive effects of treatment
(ChR or eYFP) and light (off or on). Post-hoc comparisons
between the groups were performed using Bonferroni’s
multiple comparison when the main and/or interactive
ANOVA effects were significant. For GABA agonist exper-
iments, sucrose intake for missed injections, locomotion,
plasma corticosterone and c-fos mRNA analyses, Student’s
t-test was used. Results were considered significant with
p-value <0.05.

Results

Electrophysiological validation of optogenetic
stimulation experiments

We injected AAV2-hSyn-ChR2-eYFP in the AcbSh of
female rats (n=06), and 4 weeks later we made acute slice
preparations through the AcbSh for whole-cell patch clamp
recordings. The mean resting potential of recorded neurons
was —65.24 +3.28 mV. A depolarizing current pulse for
500 ms induced depolarization of the neurons accompanied
with spikes (Fig. 1a). The patched cells had morphological
feature of medial spiny neurons (Fig. 1b). Then, patched
neurons were optically stimulated by 465 nm blue light
emitted by an optical fiber placed near to the cell bodies.
We found that the firing response to a 1 mW light stimula-
tion for 500 ms was similar to the stimulation with intra-
cellularly applied current pulse (Fig. la, c). Short-lasting
blue light pulses (10 ms) were also able to trigger action
potentials (Fig. 1d). Application of trains of 10 pulses lasting
10 ms each with a 10-Hz frequency at the resting membrane
potential induced action potential response to the first pulse
only. However, if the cell was depolarized by 3-5 mV from
the resting potential, that imitates in vivo situation, most
of the pulses were able to trigger spikes (data not shown).

@ Springer



2822

Brain Structure and Function (2020) 225:2815-2839

Very similar results with 20 Hz stimulation were obtained
in another study (Larson et al. 2015). Therefore, optogenetic
stimulation with ChR?2 efficiently drives action potentials
in AcbSh.

Optogenetic stimulation of AcbSh neurons
decreases sucrose intake in female rats

Only animals with morphologically identified position of
injection site and optical fibers in AcbSh (Fig. 2a) in con-
trol and ChR group were analyzed. As additional control,
we separately analyzed rats in which the injection site was
outside AcbSh. Two-way ANOVA revealed significant
effects of optogenetic stimulation of AcbSh (F;g=7.294,
p=0.0270), treatment (F; g=14.06, p=0.0056) and inter-
action (F, 3=11.74, p=0.0090) on 10% sucrose intake in
control (eYFP, n=>5) and experimented (ChR, n=5) groups
(Fig. 2b). ChR rats had a significantly lower sucrose intake
with the light on compared to light off (p =0.0050), and also
compared to the eYFP rats (p =0.0002). The 10% sucrose
intake of ChR rats with injections outside AcbSh (n=3) was
not significantly different (Paired #-test, p =0.8868; Fig. 2c).

Next, we analyzed the percentage time spent in the
sucrose zone during the 30 min-experiment (Fig. 2d). Two-
way ANOVA revealed significant effects of optogenetic
stimulation of AcbSh (F; 3=12.36, p=0.0079) and inter-
action (F; g=23.07, p=0.0014) but no effect of treatment
(F13=1.783, p=0.2185) on percentage time spent in the
sucrose zone (Fig. 2e). Post-hoc analysis revealed that ChR
rats spent significantly less time in the sucrose zone with
the light on compared to light off (» =0.0007), and also
compared to the eYFP rats (p =0.0296). Finally, the gen-
eral locomotor activity was not modified by the optogenetic
stimulation of the AcbSh in the ChR group compared to the
control group (Unpaired ¢ test, p=0.6988; Fig. 2d, e), as well
as the corticosterone levels were unchanged (Unpaired ¢ test,
p=0.1637; Fig. 2f).

Therefore, we conclude that optogenetic stimulation of
AcbSh decreases sucrose intake in female rats in our experi-
mental conditions. Small heating produced by optogenetic
stimulation could potentially affect activities of AcbSh
(Owen et al. 2019). However, in our experiments the effects
on sucrose intake observed during optogenetic stimulation
were present in rats with ChR expression in the AcbSh, but
not in control rats.

Optogenetic stimulation of AcbSh neurons modifies
lick microstructure

For the total number of licks, two-way ANOVA revealed
a tendency for interaction (¥, g=4.893, p=0.0579) but no
effect of optogenetic stimulation of AcbSh (F, 4=3.135,
p=0.1146) and treatment (F;g=3.194, p=0.1117)

@ Springer

(Fig. 3a). Post hoc analysis showed that ChR rats had a
significantly lower total number of licks with the light on
compared to light off (p =0.0453) and compared to the
control group with light on (p =0.0241). For the lick effi-
ciency, two-way ANOVA revealed no significant effect of
light (Fig= 0.0058, p=0.9410), treatment (Fig= 0.4472,
p=0.5225) or interaction (F,3=0.0013, p=0.9719)
(Fig. 3b). Then we analyzed in detail the microstructural
organization of the licking behaviors. Rodents lick in stereo-
typic oromotor patterns characterized by runs of consecutive
licks (cluster or burst) separated by pauses (inter-cluster or
inter-burst intervals). Studies have shown that a choice of
time pause between licks to separate them to clusters affects
the overall conclusions (Spector et al. 1998; Johnson 2018).
To ensure robustness of our findings, we used two differ-
ent intervals: 0.5 s, called here inter-cluster intervals (ICI),
and 3 s, called here inter-burst intervals (IBI) (see ‘licking
microstructure’ in methods part for more details). The total
meal duration as well as cluster/burst duration was signifi-
cantly decreased in ChR group with the light on compared
to light off (Fig. 3c, f, Table 1). The burst size was also sig-
nificantly decreased, and a tendency to decrease is observed
for the cluster size (Fig. 3e, Table 1). The number of clusters
/ bursts, the licking frequency within cluster/burst and the
interlick intervals were not significantly different (Fig. 3d,
g, h, Table 1). To analyze the time spent in the sucrose zone
without drinking, we have subtracted the total time of meal
duration (duration of all the clusters/bursts recorded dur-
ing the 30-min sucrose access) from the total time spent in
sucrose zone (Fig. 2e). Rats of both groups, with or without
stimulation, spent the same amount of time in the sucrose
zone without drinking (Table 1). The meal duration of ChR
rats with AcbSh stimulation was lower compared to the other
conditions (Fig. 3c and Table 1), so the total percentage time
spent in the sucrose zone was lower for this group than the
others (Fig. 2e).

We conclude that the decrease in sucrose intake triggered
with AcbSh optogenetic activation was due to a decrease in
total number of licks, and as follow in meal duration. The
lick microstructure analyses showed that this reduction pri-
marily depended on a decrease in cluster/burst duration and
cluster/burst size, but not on variation of lick frequency or
number of clusters/bursts.

Optogenetic stimulation of AcbSh neurons
decreases c-fos mRNA expression in the rostral VP
and LH

At the end of the sucrose intake experiment, the AcbSh
was optogenetically stimulated for 30 min and then the
rats were killed. C-fos mRNA levels were higher in the
AcbSh (Unpaired #-test, p=0.0138; Fig. 4a) and lower
in the LH (Unpaired ¢-test, p =0.0085; Fig. 4b) in ChR
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Fig.3 Optogenetic stimulation of AcbSh neurons modifies lick (ChR) groups without (black) and with (gray) blue light stimulation

microstructure. Bar graphs showing total number of licks (a), lick- (*p<0.05 and ***p <0.001: significant difference compared to ChR
ing efficiency (b), meal duration (c), number of bursts (d), burst off; #p <0.05 and *p <0.01: significant difference compared to e YFP
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(h) for 30-min experiment in control (¢YFP) and channelrhodopsin
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group compared to control rats. In the VP, the c-fos mRNA
expression was lower in the rostral part (Unpaired z-test,
p=0.0082; Fig. 4c) but not significantly different in the
caudal part (Unpaired t-test, p=0.6577; Fig. 4d) in ChR
group compared to eYFP rats.

These results are in accordance with previous study
showing that activation of AcbSh neurons reduces activ-
ity in LH neurons (Stratford 2005; O’Connor et al. 2015).
They also show that AcbSh stimulation reduces the activ-
ity of rostral VP neurons in female rats. Because the
AcbSh sends GABAergic projections to the VP, we then
tested the effect of the inhibition of the rostral VP in our
condition of sucrose intake in female rats.

Pharmacological inhibition of rostral VP neurons
decreases sucrose intake in female rats

After bilateral infusions of the GABA , receptor agonist
muscimol into the rostral VP (Fig. 5a, n=35), the 10%
sucrose intake was significantly decreased compared to
10% sucrose intake after injection of aCSF (Paired z-test,
p=0.0010; Fig. 5b). The 10% sucrose intake of rats with
cannulas placed outside VP (n=3) was not significantly
different (Paired ¢-test, p =0.0805; Fig. 5c). The percent-
age time spent in the sucrose zone during the 30-min
experiment was not significantly different after aCSF or
muscimol injection (Paired #-test, p =0.2383; Fig. 5d).
We did not perform a behavioral experiment with bilateral
infusions of muscimol into the VP without the presence
of the sucrose solution; therefore, the general locomotor
activity was not evaluated in our study (see “Discussion”).
Finally, the corticosterone level was not modified by the
muscimol injection into the VP compared to the control
group (Unpaired ¢ test, p=0.4273; Fig. Se).

We also injected the GABAj receptor agonist baclofen
into the rostral VP (n=4), and the 10% sucrose intake
was significantly decreased compared to 10% sucrose
intake after aCSF (Paired #-test, p =0.0165; data not
shown), but the effect was less pronounced than after
muscimol injection (38.35 +4.87 mg/g BW for control
versus 31.97 +3.84 mg/g BW for baclofen group). The
10% sucrose intake of rats with cannulas placed outside
VP (n=3) was not significantly different (Paired z-test,
p =0.1604; data not shown). Finally, the percentage time
spent in the sucrose zone during the 30-min experiment
was not significantly different after aCSF or baclofen
injection (Paired ¢-test, p =0.3582; data not shown).

Therefore, we conclude that pharmacological activa-
tion of GABA ,, and to a minor extent GABAp receptors
within the rostral VP, is sufficient to reduce sucrose intake
in female rats.

Pharmacological inhibition of rostral VP neurons
modifies lick microstructure

The total number of licks was significantly decreased after
muscimol injection into the rostral VP compared to aCSF
injection (Paired #-test, p =0.0031; Fig. 5f), but the lick effi-
ciency was not modified (Paired #-test, p=0.9594; Fig. 5g).
Then we analyzed in detail the microstructure of the licks
by dividing them in clusters (ICI; 0.5 s) or bursts (IBI; 3 s).
We found that the injection of muscimol into the rostral
VP significantly decreased the meal duration, the number
of clusters/bursts, and the burst size compared to the injec-
tion of aCSF (Table 2). The decrease in burst duration was
close to the significance, and there were close to significance
effects on the licking frequency within cluster and the inter-
lick intervals in clusters (Table 2). No significant difference
was observed between the two conditions for the cluster size,
the cluster duration, the licking frequency within burst or the
interlick intervals in bursts (Table 2). To analyze the time
spent in the sucrose zone without drinking, we have sub-
tracted the meal duration (Table 2) from the total time spent
in sucrose zone (Fig. 5d). Paired ¢-test revealed a tendency
to an increase of percentage time spent in the sucrose zone
without drinking for ICI=0.5 s, and a significant increase
for IBI=3 s (Table 2). Thus, rats after muscimol injection
spent the same amount of total time in the sucrose zone
than after aCSF injection (Fig. 5d), but their meal duration
was shorter and their time spent in the sucrose zone without
drinking was longer than controls (Table 2).

For the group with baclofen injection into rostral VP, no
significant difference was found for the different parameters
of the lick microstructure: the total number of licks (Paired
t-test, p=0.2961; data not shown), lick efficiency (Paired
t-test, p=0.1578; data not shown), but also the meal dura-
tion (Paired #-test, p=0.1481 for ICI and p=0.1257 for
IBI), number of clusters/bursts (Paired #-test, p =0.9205 for
ICI and p=0.2746 for IBI), cluster/burst size (Paired z-test,
p=0.4350 for ICI and p=0.5349 for IBI), cluster/burst
duration (Paired ¢-test, p=0.8487 for ICI and p=0.3514
for IBI), licking frequency (Paired #-test, p=0.1153 for ICI
and p=0.0983 for IBI) and interlick intervals (Paired z-test,
p=0.1015 for ICT and p =0.0986 for IBI) (data not shown).
To analyze the time spent in the sucrose zone without drink-
ing, we have subtracted the meal duration from the total time
spent in sucrose zone. Paired #-test revealed no significant
difference for the percentage time spent in the sucrose zone
without drinking for ICI=0.5 s (p =0.4699) and for IBI=3 s
(p=0.4652). Rats after baclofen injection spent the same
total amount of time in the sucrose zone, the same amount
of time in this zone without drinking, and they have compa-
rable meal duration, compared to aCSF group.

Therefore, although baclofen injections into the VP
reduced to some extent the sucrose intake, the meal duration
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and lick microstructure were not significantly different
compared to control. This can be explained by the fact that
cumulative effects of subtle changes in different parameters
of lick microstructure were responsible for the overall reduc-
tion of sucrose intake.
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We conclude that activation of GABA , or GABAj recep-
tors within the rostral VP affects licking microstructure dif-
ferently. The stimulation of GABA , receptors mainly modi-
fied the total number of licks, meal duration and number of
clusters/bursts, whereas the stimulation of GABAj receptors
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«Fig. 4 Optogenetic stimulation of AcbSh neurons decreases c-fos
mRNA expression in the rostral VP and LH. a Dark-field images
showing the positive hybridization signal of c-fos mRNA in the
AcbSh of control (eYFP) and channelrhodopsin (ChR) groups (scale
bar 250 pm; aca anterior commissure, anterior part, AcbC accumbens
nucleus, core, AcbSh accumbens nucleus, shell). Bar graph show-
ing relative levels of c-fos mRNA expression expressed as percent-
age of the eYFP group in the AcbSh 30 min after 30-min blue light
stimulation in control (eYFP) and channelrhodopsin (ChR) groups
(*p<0.05). b Dark-field images showing the positive hybridiza-
tion signal of c-fos mRNA in the lateral hypothalamus (LH, white
shape) of control (eYFP) and channelrhodopsin (ChR) groups (scale
bar 250 pm; 3V third ventricle, f fornix, ic internal capsule, opt optic
tract). Bar graph showing relative levels of c-fos mRNA expression
expressed as percentage of the eYFP group in the LH 30 min after
30-min blue light stimulation in control (¢YFP) and channelrho-
dopsin (ChR) groups (**p<0.01). ¢ Dark-field images showing the
positive hybridization signal of c-fos mRNA in the rostral ventral
pallidum (VP, white shape) of control (¢YFP) and channelrhodop-
sin (ChR) groups (scale bar 250 um; 3V third ventricle, aca anterior
commissure, anterior part). Bar graph showing relative levels of c-fos
mRNA expression expressed as percentage of the eYFP group in the
rostral part of the VP 30 min after 30-min blue light stimulation in
control (¢YFP) and channelrhodopsin (ChR) groups (**p<0.01). (d)
Dark-field images showing the positive hybridization signal of c-fos
mRNA in the caudal ventral pallidum (VP, white shape) of control
(eYFP) and channelrhodopsin (ChR) groups (scale bar 250 pym; 3V
third ventricle, ac anterior commissure, LV lateral ventricle). Bar
graph showing relative levels of c-fos mRNA expression expressed as
percentage of the eYFP group in the caudal part of the VP 30 min
after 30-min blue light stimulation in control (¢YFP) and channelrho-
dopsin (ChR) groups

affected more the licking frequency and efficiency (close to
but did not reach the significance).

The stimulation of AcbSh neurons and the inhibition of
rostral VP neurons induce a decrease of 10% sucrose intake
in female rats. We then tested whether the stimulation of the
rostral VP axonal terminals from the AcbSh neurons would
be sufficient to decrease the sucrose intake in female rats.

Optogenetic stimulation of rostral VP axonal
terminals from the AcbSh decreases sucrose intake
in female rats

In these experiments, the presence and the location of the
injection sites in the AcbSh and the location of the opti-
cal fibers above the rostral VP were verified for each rat
(Fig. 6a). Two-way ANOVA revealed significant effects
of optogenetic stimulation of VP axonal terminals
(Fy.10=8.762, p=0.0143) and interaction (F ;o=11.62,
p=0.0067), but no effect of treatment (¥ ;,=1.575,
p=0.2381) on 10% sucrose intake in control (€YFP, n=06)
and experimented (ChR, n=6) groups (Fig. 6b). Rats that
had ChR injection in AcbSh had a significantly lower sucrose
intake with the light on compared to light off (p =0.0023),
and a tendency to a decrease was observed between ChR and
e YFP rats with light on (» =0.0696). The 10% sucrose intake

for a rat with misplaced optical fiber (n=1) was similar with
and without stimulation (Fig. 6¢).

We evaluated the percentage time spent in the sucrose
zone during the 30-min experiment. Two-way ANOVA
revealed no effect of optogenetic stimulation of rostral
VP axonal terminals (F; 1o=3.878, p=0.0773), treatment
(F1,19=0.07541, p=0.7892) and interaction (F ;0=0.7180,
p=0.4166) on percentage time spent in the sucrose zone
(Fig. 6d). Finally, the general locomotor activity was not
modified by the optogenetic stimulation of VP axonal ter-
minals from the AcbSh in the ChR injected rats compared
to the control group (Unpaired ¢ test, p =0.5390; Fig. 6e), as
well as the corticosterone levels (Unpaired ¢ test, p=0.7461;
Fig. 6f).

Therefore, we conclude that optogenetic stimulation
of rostral VP axonal terminals from the AcbSh decreases
sucrose intake in female rats in our experimental conditions.

Optogenetic stimulation of rostral VP axonal
terminals from the AcbSh modifies lick
microstructure

For the total number of licks, two-way ANOVA revealed
significant effects of optogenetic stimulation of VP
axonal terminals (F ;o=11.22, p=0.0074) and interac-
tion (F, ;,=5.745, p=0.0375), but no effect of treatment
(Fy,10=0.05753, p=0.8153) (Fig. 7a). Post hoc analysis
showed that rats with AcbSh axons expressing ChR within
the VP had a significantly lower total number of licks with
the light on compared to light off (p =0.0045). For the lick
efficiency, two-way ANOVA revealed no significant effect
of optogenetic stimulation of AcbSh axonal terminals within
VP (Fy10=2.825, p=0.1237), treatment (F j,=3.842,
p=0.0784) or interaction (F, ;,=0.4404, p=0.5219)
(Fig. 7b). Then we analyzed in details the microstructure of
the licks by divided them into clusters (ICI; 0.5 s) or bursts
(IBI; 3 s). The meal duration was significantly decreased in
ChR group with the light on compared to light off (Fig. 7c,
Table 3). The burst size and burst duration were also signifi-
cantly decreased, and the cluster size and cluster duration
tended to decrease (Fig. 7e, f, Table 3). The number of bursts
was increased (Fig. 7d, Table 3). The licking frequency
within cluster was slightly, but significantly increased,
whereas the interlick intervals in clusters were decreased
(Table 3). The other parameters were not significantly dif-
ferent (Fig. 3g, h, Table 3). To analyze the time spent in the
sucrose zone without drinking, we have subtracted the meal
duration from the total time spent in sucrose zone (Fig. 6d).
Rats of both group, with or without stimulation, spent the
same amount of time in the sucrose zone without drinking
(Table 3). The meal duration of ChR rats with stimulation
of the VP axonal terminals from the AcbSh was decreased
compared to the other conditions, but the total percentage
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time spent in the sucrose zone was comparable. However,
a tendency to the decrease was observed for the total per-
centage time spent in the sucrose zone; the p-value for the
effect of optogenetic stimulation of VP axonal terminals was
p=0.0773.

We conclude that the decrease in sucrose intake
observed after inhibition of rostral VP neurons arising
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from the stimulated AcbSh axons was due to a decrease
in total number of licks and meal duration; this is simi-
lar to the results obtained with optogenetic stimulation of
AcbSh. However, the lick microstructure analyses showed
a more complex behavior.
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«Fig.5 Pharmacological inhibition of rostral VP neurons with musci-
mol decreases sucrose intake. a Schematic of implantation of the can-
nula above the rostral VP of female rats and insertion of the injector
that projected 1 mm below the tip of the guide cannula. Below is an
image showing an example of cannula and injector position (scale bar
250 um; aca anterior commissure, anterior part, CPu caudate puta-
men, och optic chiasm, VP ventral pallidum). On the right, brain
atlas drawings (Paxinos and Watson 2007) showing the injection
sites in the VP (black: accurate injections, empty circle: misplaced
injections). b Bar graph showing 10% sucrose intake in mg/g body
weight (BW) for 30-min experiment after injection of aCSF (control)
or muscimol (**p<0.01). ¢ Bar graph showing 10% sucrose intake
in mg/g body weight (BW) for 30-min experiment after injection of
aCSF (control) or muscimol in rats with misplaced cannula. d Sche-
matic of the behavioral cage with sucrose (S) and water (W) entries
and the delimitation of the sucrose zone (red), and bar graph showing
the percentage time spent in the sucrose zone for 30-min experiment
after injection of aCSF (control) or muscimol. e Bar graph showing
plasmatic corticosterone levels in ng/ml 30 min after injection of
aCSF (control) or muscimol. f Bar graph showing total number of
licks for 30-min experiment after injection of aCSF (control) or mus-
cimol (**p<0.01). g Bar graph showing licking efficiency for 30-min
experiment after injection of aCSF (control) or muscimol

Optogenetic stimulation of rostral VP axonal
terminals from the AcbSh decreases c-fos mRNA
expression in the rostral VP, but not in the LH

At the end of the sucrose intake experiment, rostral VP
axonal terminals from the AcbSh were optogenetically stim-
ulated for 30 min and then the rats were killed. C-fos mRNA
levels were higher in the AcbSh of ChR rats (Unpaired
t-test, p=0.0398; Fig. 8a), but were not significantly

different between the two groups in the LH (Unpaired
t-test, p=0.1993; Fig. 8b). Finally, c-fos mRNA expres-
sion was lower in the rostral part of the VP (Unpaired #-test,
p=0.0103; Fig. 8c) and not significantly different in the cau-
dal part of the VP (Unpaired ¢-test, p =0.8789; Fig. 8d) in
ChR group compared to control rats.

We conclude that the stimulation of the AcbSh axonal
terminals within VP induced an inhibition of the rostral VP.
The effects of this stimulation were specific to the rostral VP
because the stimulation of the VP axonal terminals from the
AcbSh did not affect the LH activity.

Discussion

In this study, we observed that stimulation of the AcbSh,
inhibition of the rostral VP and stimulation of projections
from the AcbSh to the rostral VP induced a decrease in
sucrose intake. AcbSh-regulated feeding via opioid system
is independent of the caudal VP for the motivation or ‘want-
ing’ component of reward, but not for the hedonic aspect
of reward or ‘liking’ (Taha et al. 2009; Smith and Berridge
2007). Here, we demonstrate that the projections from the
medial part of the AcbSh to the rostral VP were sufficient to
control sucrose consumption, with different effects on ‘want-
ing’ and ‘liking’.

The role of the AcbSh and VP in feeding behavior was
previously investigated (Basso and Kelley 1999; Krause
et al. 2010; O’Connor et al. 2015; Prado et al. 2016; Stratford

Table 2 Pharmacological
inhibition of rostral VP neurons

with muscimol modifies lick
microstructure

aCSF Muscimol Paired r-test  Effect

ICI (0.5 s)

Meal duration (s) 339.9+21.43 65.06+31.43 p=0.0029 Decrease

Number of clusters 42.20+5.34 12.40+496  p=0.0123 Decrease

Cluster size 76.75+21.49  3247+12779 p=0.1503 -

Cluster duration (s) 9.17+2.30 451+1.70  p=0.1616 -

Licking frequency within cluster (licks/s) 8.22+0.24 6.96+0.29  p=0.0930 -

Interlick intervals (ms) 124+3.84 150.7+£9.04 p=0.0856 -

% Time in sucrose zone (without drinking) 19.12+2.54 27.61+3.89  p=0.0556 -
IBI(35s)

Meal duration (s) 372.1+18.72  73.28+32.13 p=0.0020 Decrease

Number of bursts 13.20+2.18 5.6+£3.25 p=0.0180 Decrease

Burst size 243345537 77.09+24.10 p=0.0454 Decrease

Burst duration (s) 31.83+5.97 1476+6.59  p=0.0851 -

Licking frequency within burst (licks/s) 7.49+0.33 6.1£0.81 p=0.2323 -

Interlick intervals (ms) 135.3+5.56 180.8+30.27 p=0.2150 -

% Time in sucrose zone (without drinking) 17.24+£2.53 27.16 £3.66 p=0.0312 Increase

Mean + SEM and p-values after a paired student t-test for rats receiving injection of aCSF (control) or mus-
cimol into the rostral VP, for different parameters of lick microstructure with two different pauses between
licks, named inter-cluster intervals (ICI; 0.5 s) and inter-burst intervals (IBI; 3 s). When a p-value reaches
the significance (p <0.05, rows in italic), the observed effect after muscimol injection is specified (ms mil-

lisecond, s second)
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2005; Smith et al. 2009). However, the role of accumbal pro-
jections to the rostral VP in the regulation of food intake is
still unclear. We investigated different parameters of feed-
ing behavior after various experiments involving these two
regions (Table 4). The sucrose intake was reduced in all our
experimental settings; inhibition of rostral VP by the AcbSh
was sufficient to reduce sucrose consumption in female rats.
The corticosterone levels were not different, indicating that
the decrease was not the consequence of different stress lev-
els between groups (Hermans et al. 2014). We found that, in
our experimental design, the total time spent by animals in
sucrose zone was significantly decreased with stimulation of
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AcbSh; a tendency to decrease was observed with stimula-
tion of some subset of axons from the AcbSh to the rostral
VP. The inhibition of the rostral VP with muscimol did not
modify the total time spent in the sucrose zone, but the meal
duration was shorter and the time spent in the sucrose zone
without drinking was longer than in controls. The reduction
in sucrose intake in all experiments was primarily the result
of decreases in total licks number and meal duration, except
for activation of GABAy receptors in the VP for which the
reduction in sucrose intake could be due to modifications in
licking frequency and efficiency that were close to, but did
not reach the level of significance.
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«Fig.6 Optogenetic stimulation of rostral VP axonal terminals from
the AcbSh decreases sucrose intake. a Schematic of AAV-hSyn-
ChR2-eYFP injection into the AcbSh and implantation of the opti-
cal fiber above the rostral VP of female rats. Fluorescence images
showing an example of injection site (scale bar 250 um except for a’’
60 pm). On the right, brain atlas drawings (Paxinos and Watson 2007)
showing the area covered by all ChR injections in the AcbSh. Below
are images showing an example of optical fiber position and the
axonal terminals from the AcbSh in the rostral VP (scale bar 250 um
except for a** 60 um). On the right, schematics (Paxinos and Watson
2007) showing the location of the fiber tips in the VP (black circle:
accurate locations, empty circle: misplaced location) (aca anterior
commissure, anterior part, AchC accumbens nucleus, core, AcbSh
accumbens nucleus, shell, CPu caudate putamen, och optical chiasm,
VP ventral pallidum). b Bar graph showing 10% sucrose intake in
mg/g body weight (BW) for 30-min experiment in control (¢YFP) and
channelrhodopsin (ChR) groups without (black) and with (gray) blue
light stimulation (**p <0.01: significant difference compared to ChR
off). ¢ Bar graph showing 10% sucrose intake in mg/g body weight
(BW) for 30-min experiment in the ChR rat with misplaced optical
fiber without (black) and with (gray) blue light stimulation. d Sche-
matic of the behavioral cage with sucrose (S) and water (W) entries
and the delimitation of the sucrose zone (red), and bar graph show-
ing the percentage time spent in the sucrose zone for 30-min experi-
ment in control (¢YFP) and channelrhodopsin (ChR) groups without
(black) and with (gray) blue light stimulation. e Schematic of the
divisions (red) used in the behavioral cage without sucrose or water to
determine the locomotor activity, and bar graph showing the general
locomotor activity expressed as percentage of the eYFP group, for
30-min experiment in control (eYFP) and channelrhodopsin (ChR)
groups with blue light stimulation. f Bar graph showing plasmatic
corticosterone levels in ng/ml 30 min after 30-min experiment blue
light stimulation without sucrose in control (eYFP) and channelrho-
dopsin (ChR) groups

We analyzed the lick microstructure organization in order
to better understand the decrease in sucrose intake that we
observed in each experiment. Studies show that a variation
in cluster size/duration is positively correlated with the
hedonic value of the stimulus (palatability), whereas a vari-
ation in the number of clusters is positively correlated with
physiological need (Davis and Smith 1992; Spector and St
John 1998; Spector et al. 1998). In our study, the animals
were ad libitum fed so there was no increase in physiologi-
cal need for food consumption; we thus associated a varia-
tion in number of clusters as a modification in motivation to
consume palatable food. Stimulation of the AcbSh induced
a decrease in cluster/burst duration and burst size, reflecting
a decrease in palatability, but did not modify the motiva-
tion to drink (no change in number of clusters/bursts) and
licking frequency. The rostromedial AcbSh contains a hot-
spot involved in hedonic ‘liking’ reactions to a sucrose taste
(Pecina and Berridge 2005). In this region, manipulations of
the opioid signaling through agonists or antagonists affect
palatable food intake with preferential effects on palatability
(Scheggi et al. 2013; Shin et al. 2010; Castro and Berridge
2014a, b; Hanlon et al. 2004; Taha et al. 2009), but increase
alcohol consumption by enhancing the motivation (Richard
and Fields 2016). The p-opioid receptors are Gi/Go-protein

coupled receptors (Connor and Christie 1999). The infusion
of the p-opioid receptor agonist DAMGO into the nucleus
accumbens increases c-Fos expression in the VP and the
LH, whereas the infusion of the p-opioid receptor antago-
nist naloxone into the nucleus accumbens decreases c-Fos
expression in the VP and the LH (Smith and Berridge 2007).
Thus, the modification in food consumption observed after
manipulations of opioid receptors in the AcbSh could be due
to the involvement of these two regions.

Unlike stimulation of the AcbSh, inhibition of the rostral
VP with muscimol induced a decrease in number of clusters/
bursts reflecting a decrease in the motivation to drink and
a tendency to decrease the licking frequency within cluster.
Inhibition of the rostral VP had less effect on the palatabil-
ity (no significant change in cluster size and cluster dura-
tion, tendency to decrease the burst duration and significant
decrease in burst size). In previous studies, the injection of
GABA , receptor antagonist bicuculline in all parts of the VP
increased food intake, with no effect on hedonic reactions
to sucrose but enhancing the motivation to consumption
(Shimura et al. 2006; Smith et al. 2009; Smith and Berridge
2005; Reichard et al. 2019a, b). We observed a decrease in
sucrose intake with preferential effects on motivation after
muscimol injection in the rostral VP. Muscimol injection in
the caudal VP containing an hedonic hotspot decreased the
intake of fluids, but increased aversive reactions to sweet-
ness (Shimura et al. 2006; Ho and Berridge 2014; Khan et al.
2020) and decreased hedonic value of the tasting (Taha et al.
2009); opioid receptor activation in the caudal VP increases
sucrose palatability (Wassum et al. 2009). A functional het-
erogeneity of the rostral (mainly motivation) versus caudal
(motivation and hedonic value) VP after muscimol infusions
is supported by reports in other studies (Mahler et al. 2014;
Smith et al. 2009; Ho and Berridge 2014). The baclofen
injection in the rostral VP induced a decrease in sucrose
intake mainly by affecting the licking frequency and effi-
ciency (these parameters were close to, but did not reach
the significance), suggesting that the two GABAergic recep-
tors in the VP play a slightly different role in sucrose intake
regulation. Different modulations of a function by muscimol
and baclofen were previously demonstrated (Manfridi et al.
2001; Kenigsberg et al. 1998; Waraczynski 2008). Moreo-
ver, the weaker effect on sucrose intake of baclofen infusion
compared to muscimol infusion could be due to the low level
of GABA receptors expression in the VP (Margeta-Mitro-
vic et al. 1999).

It has been shown that bilateral infusions of muscimol
into the VP decrease locomotion and rearing activity (Sub-
ramanian et al. 2018; van den Bos and Cools 2003). The
general locomotor activity of the rats infused with muscimol
was not analyzed in our study. However, during the experi-
ment in the presence of the sucrose solution, the bilateral
infusions of muscimol into the rostral VP did not modify
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Fig.7 Optogenetic stimulation of rostral VP axonal terminals from
the AcbSh modifies lick microstructure. Bar graphs show total num-
ber of licks (a), licking efficiency (b), meal duration (c), number of
bursts (d), burst size (e), burst duration (f), lick frequency (g) and
interlick intervals (h) for 30-min experiment in control (eYFP) and
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the total time spent by the rats in the sucrose zone, but the
rats’ behavior in this zone was different from the control
animals. The meal duration was decreased whereas the per-
centage time spent without drinking was increased compared
to the control group. This result and the lick microstructure
analysis of the sucrose intake after VP muscimol infusion
lead us to the conclusion that the inhibition of the rostral VP
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seems to induce a decrease in the motivation to drink. The
rostral VP has been involved in reward-seeking behaviors
(Smith et al. 2009; Mahler et al. 2014), and the decrease in
locomotion observed after bilateral infusions of muscimol
into the VP could be associated with a decrease in motiva-
tion (Taha et al. 2009). The bilateral infusions of bicuculline
into the VP produce pivoting and gnawing movements and
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«Fig. 8 Optogenetics stimulation of rostral VP axonal terminals from
the AcbSh decreases c-fos mRNA expression in the rostral VP but
not in the LH. a Dark-field images showing the positive hybridiza-
tion signal of c¢-fos mRNA in the AcbSh of control (¢YFP) and chan-
nelrhodopsin (ChR) groups (scale bar 250 um; aca anterior commis-
sure, anterior part, AcbC accumbens nucleus, core, AcbSh accumbens
nucleus, shell). Bar graph showing relative levels of c-fos mRNA
expression expressed as percentage of the eYFP group in the AcbSh
30 min after 30-min blue light stimulation in control (eYFP) and
channelrhodopsin (ChR) groups (*p<0.05). b Dark-field images
showing the positive hybridization signal of c-fos mRNA in the lat-
eral hypothalamus (LH, white shape) of control (¢YFP) and chan-
nelrhodopsin (ChR) groups (scale bar 250 pm; 3V third ventricle, f
fornix, ic internal capsule, opt optic tract). Bar graph showing rela-
tive levels of c-fos mRNA expression expressed as percentage of the
eYFP group in the LH 30 min after 30-min blue light stimulation in
control (eYFP) and channelrhodopsin (ChR) groups. ¢ Dark-field
images showing the positive hybridization signal of c-fos mRNA in
the rostral ventral pallidum (VP, white shape) of control (eYFP) and
channelrhodopsin (ChR) groups (scale bar 250 pm; 3V third ventri-
cle, aca anterior commissure, anterior part). Bar graph showing rela-
tive levels of c-fos mRNA expression expressed as percentage of the
eYFP group in the rostral part of the VP 30 min after 30-min blue
light stimulation in control (eYFP) and channelrhodopsin (ChR)
groups (¥*p <0.05). d Dark-field images showing the positive hybridi-
zation signal of c-fos mRNA in the caudal ventral pallidum (VP,
white shape) of control (eYFP) and channelrhodopsin (ChR) groups
(scale bar 250 um; 3V third ventricle, ac anterior commissure). Bar
graph showing relative levels of c-fos mRNA expression expressed as
percentage of the eYFP group in the caudal part of the VP 30 min
after 30-min blue light stimulation in control (¢YFP) and channelrho-
dopsin (ChR) groups

in a presence of food produce compulsive ingestion without
increasing locomotion (Zahm et al. 2014; Reichard et al.
2019a, b). Finally, injection of the GABA[ receptor antago-
nist phaclofen into the VP has no effect on motor activity
(Austin and Kalivas 1990).

Like overall stimulation of the AcbSh, stimulation of
AcbSh axonal terminals within rostral VP significantly
decreased the burst size and duration (a tendency to
decrease was observed for the cluster size and cluster dura-
tion), reflecting a decrease in palatability (Table 4). It also
increased the number of bursts and the lick frequency within
cluster, reflecting an increase in motivation; this result is
the opposite of the behavior observed after overall inhibi-
tion of the rostral VP by muscimol and baclofen, inducing
a decrease in the number of clusters/bursts or in licking fre-
quency. The VP receives projections from both accumbal
D1- and D2-receptor expressing MSNs (Creed et al. 2016;
Kupchik and Kalivas 2017; Robertson and Jian 1995; Lu
et al. 1998), but the role of these two sub-populations is not
clear. Activation of D1- and D2-receptor expressing MSNs
in the Acb increases motivation during progressive ratio
task and reward-predictive cues in mice (Soares-Cunha et al.
2016). The D2-receptor expressing MSNs activation induces
a modulation of the ventral tegmental area (VTA) dopamin-
ergic neurons via a reduction in the firing rate of the VP
neurons (Soares-Cunha et al. 2018). However, another study

has shown that a decrease in inhibitory transmission from
D2-receptor MSNss neurons to the VP is sufficient to enhance
motivation (Gallo et al. 2018). Authors proposed that differ-
ences in the design of the experiment or in the time window
of the pathway manipulation could explain these different
results. Moreover, the increase in ingestion observed after
bicuculline infusions into the VP was attenuated by D2, but
not D1 receptor antagonist; the preference for sweet over
chow pellets was maintained in the presence of D1 and D2
antagonists (Reichard et al. 2019b). In the cited study, the
D1 and D2 antagonists were given systemically; the effects
were not specific to the AcbSh and could be due to D1 and
D2 signaling from other brain regions. Activation of accum-
bal D1-, but not D2-receptor expressing MSNs’ projections
to the LH stops food consumption (O’Connor et al. 2015).
Another study shows that D1-receptor expressing neurons in
the ventral striatum mediates the gustatory actions of sugars,
that their activation increased licking for sucralose, and that
optogenetic activation of projections from the ventral stria-
tum to the VP produced an increase in sucralose intake that
was blocked by VP activation (Tellez et al. 2016). However,
important divergences in the design of their experiments
could explain the differences with our results, as well as the
fact that they stimulated the ventral striatum and not specifi-
cally the shell part of the nucleus accumbens. Our optoge-
netics experiment induced an activation of axonal terminals
from AcbSh neurons projecting to the VP, regardless of the
expression of D1- or D2-receptor expressing neurons. We
thus suggest that the motivation to eat and the palatability
were differently impacted by the stimulation of axonal ter-
minals from both populations, inducing an overall decrease
in sucrose intake (Taha and Fields 2005). Considering these
various results, we can assume that different context (palat-
able vs regular food; starved vs satiated) or different phases
of feeding behavior (foraging, approach or consumption)
induce differential activation of D1- and/or D2-receptor
expressing MSNs, producing distinct responses. Moreo-
ver, the activation of accumbal neurons, regardless of the
expression of D1- or D2-receptor expressing MSNSs in our
study can explain why we observed a decrease in sucrose
intake, whereas other studies showed a stop of consump-
tion (O’Connor et al. 2015; Krause et al. 2010). Future
experiments on the specific activation of D1- or D2-recep-
tor expressing MSNs’ projections to the VP should be per-
formed to understand the specific role of these accumbal
outputs in sucrose intake regulation.

General inhibition of the rostral VP mainly induced a
decrease in motivation, whereas the inhibition of the ros-
tral VP via stimulation of axonal terminals from accumbal
neurons induced an increase in motivation and a decrease
in palatability. The VP not only contains predominantly
GABAergic neurons, but also glutamatergic cells (Faget
et al. 2018; Tooley et al. 2018; Root et al. 2015). These
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Table 4 Major findings
Stimulation of

AcbSh axonal
terminals
in the rostral VP
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Summary of the major findings observed for sucrose intake and lick microstructure analysis after AcbSh
stimulation, inhibition of the rostral VP after stimulation of the GABA, or GABAj receptors and AcbSh
axonal terminals’ stimulation in the rostral VP (gray arrows summarize results for ICI and blue arrows
for IBI, arrows with a lighter outline show results close to the significance)

two populations project to similar targets but they drive the
opposite behavior (Faget et al. 2018). The GABAergic neu-
rons elicit positive reinforcement via projections to the VTA
while activation of glutamatergic neurons induces behavioral
avoidance via projections to the lateral habenula (Faget et al.
2018). Furthermore, the ablation of glutamatergic VP neu-
rons increased reward responses and abolished taste aversion
to sucrose (Tooley et al. 2018). Nonselective stimulation
of the VP induces a robust place preference (Tooley et al.
2018); our pharmacological experiment induced a non-
specific inhibition of VP neurons leading to a decrease in
motivation. On the contrary, stimulation of the axonal pro-
jections from the AcbSh could target specific neurons in the
VP. The AcbSh sends inputs to both VP populations (Tooley
et al. 2018; Root et al. 2015), but specific projections of D1-
and D2-receptor expressing MSNs on GABAergic and glu-
tamatergic VP neurons are not known. Future experiments
on the specific projections of MSN populations to different
populations in the VP should be performed to better under-
stand the neuroanatomy of reward network.

In our study we used rhythmic optogenetic stimulation
of AcbSh or AcbSh terminals within VP. We cannot con-
firm that every stimulus applied to the AcbSh elicited action
potentials. Therefore, the effect of AcbSh stimulation was
validated by the increase in c-fos mRNA expression. We
found a decrease in c-fos mRNA expression in the LH and
the rostral part of the VP; these two regions receive intense
GABAergic projections from the AcbSh (Heimer et al.
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1991; Usuda et al. 1998). The role of projections from the
AcbSh to the LH in the regulation of palatable food intake
is well known in the literature (Maldonado-Irizarry et al.
1995; O’Connor et al. 2015; Stratford 2005; Urstadt et al.
2013). Indeed, it has been shown that GABAergic neurons
in the LH receive projections from D1-receptor expressing
accumbal neurons, and the manipulation of this pathway
modulates consummatory actions irrespective of palatabil-
ity (O’Connor et al. 2015). Because the largest input to the
VP is from the Acb (Zahm et al. 1985; Tooley et al. 2018),
we focused on the VP (Stratford et al. 1999; Tindell et al.
2006; Root et al. 2015) and demonstrated that stimulation
of axonal projections from the AcbSh to the VP induced a
decrease in sucrose intake mainly via the decrease in the
hedonic value of the solution. This stimulation also induced
a decrease in c-fos mRNA expression in the rostral VP and
no difference in the LH. Preliminary data in our laboratory
showed that individual AcbSh neurons rarely project simul-
taneously to both VP and LH (data not shown), the two main
target regions of the AcbSh (Usuda et al. 1998), but these
results need to be confirmed.

We observed an increase in c-fos mRNA expression in
the AcbSh after stimulation of axonal projections in the
VP, suggesting that optogenetics stimulation of axonal pro-
jections in the VP could antidromically activates AcbSh
neurons. This effect could be resulting in activation of
inputs to the VTA. However, the VTA receives projections
from both AcbSh and VP; it is difficult to differentiate if
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the potential effect on the VTA could be the consequence
of the inhibition of the VP neurons by accumbal projec-
tions, or of the antidromic activation of accumbal neurons.
The licking microstructure results were different between
direct stimulation of the AcbSh and stimulation of the
axonal terminals in the VP. Thus, the behavioral results
observed after stimulation of axonal terminals to the VP
were likely due to projections from the AcbSh to the ros-
tral VP. The increase in c-fos mRNA expression observed
in the AcbSh can be the consequence of disinhibition of
regions that project to the AcbSh following inhibition of
GABAergic VP neurons. In our experiment, we stimulated
one specific pathway but in the normal condition, different
regions interact to induce a specific behavior.

In conclusion, this study shows that stimulation of projec-
tions from the AcbSh to the rostral VP results in a reduc-
tion in sucrose consumption in female rats. This reduction
is mainly the consequence of a decrease in hedonic value
of the solution. However, a more complicated pathway
between D1- and D2-receptor expressing MSNs neurons in
the accumbens and GABAergic and glutamatergic neurons
in the VP needs to be assessed. It would also be important to
investigate whether activation of projections from the AcbSh
to the rostral VP could counterbalance the overconsump-
tion of sucrose observed in a binge-like eating disorders rat
model (Calvez and Timofeeva 2016).
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