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Dorsal raphe serotonin neurons inhibit operant responding
for reward via inputs to the ventral tegmental area but not
the nucleus accumbens: evidence from studies combining
optogenetic stimulation and serotonin reuptake inhibition

Caleb J. Browne'%, Andrew R. Abela®*, Duong Chu®, Zhaoxia Li?, Xiaodong Ji?, Evelyn K. Lambe (3**° and Paul J. Fletcher'?*

The monoamine neurotransmitter serotonin (5-hydroxytryptamine; 5-HT) exerts an inhibitory influence over motivation, but the
circuits mediating this are unknown. Here, we used an optogenetic approach to isolate the contribution of dorsal raphe nucleus
(DRN) 5-HT neurons and 5-HT innervation of the mesolimbic dopamine (DA) system to motivated behavior in mice. We found that
optogenetic stimulation of DRN 5-HT neurons enhanced downstream 5-HT release, but this was not sufficient to inhibit operant
responding for saccharin, a measure of motivated behavior. However, combining optogenetic stimulation of DRN 5-HT neurons
with a low dose of the selective serotonin reuptake inhibitor (SSRI) citalopram synergistically reduced operant responding. We then

examined whether these effects could be rec

d if optogenetic

1 specifically targeted 5-HT terminals in the ventral

tegmental area (VTA) or nucleus accumbens (NAc) of the r

DA system. O ic stimulation of 5-HT input to the VTA

combi with ci

produced a synergistic decrease in responding for saccharin, resembling the changes

produced by targeting 5-HT neurons in the DRN. However, this effect was not observed when optogenetic stimulation targeted 5-
HT terminals in the NAc. Taken together, these results suggest that DRN 5-HT neurons exert an inhibitory influence over operant
responding for reward through a direct interaction with the mesolimbic DA system at the level of the VTA. These studies support an
oppositional interaction between 5-HT and DA systems in controlling motivation and goal-directed behavior, and have important
implications for the development and refinement of treatment strategies for psychiatric disorders such as depression and addiction.

Neuropsychopharmacology (2018) 0:1-12; https://doi.org/10.1038/541386-018-0271-x

INTRODUCTION

Acquisition of beneficial stimuli such as food, water, or sexual
partners depends on the ability of such stimuli to elicit appetitive
behaviors—a process known as incentive motivation. Incentive
motivation is coordinated by interactions among several neuro-
transmitter systems in the brain, and many lines of evidence
suggest that the serotonin (5-hydroxytryptamine; 5-HT) system
plays a particularly important role. For example, enhancing whole-
brain 5-HT activity reduces feeding behavior [1], operant
responding for food [2, 3], brain stimulation reward [4], drug
self-admi ration [5], and appetitive behavior elicited by reward-
associated stimuli [(6-8]. The effects of 5-HT on motivated behavior
may be mediated by neurons originating in the brainstem dorsal
raphe nucleus (DRN), given that lesions or pharmacological
inhibition of these neurons induces feeding [9], increases the
efficacy of brain stimulation reward [10], and supports the
formation of a conditioned place preference [11]. Although these
inactivation studies suggest that DRN 5-HT neurons have an
inhibitory role in motivated behavior, the downstream targets
mediating this effect have not been identified.

Serotonin may modulate incentive motivation through
interactions with the mesolimbic dopamine (DA) system [12-14].
The mesolimbic DA system is comprised of DA neurons
originating in the ventral tegmental area (VTA) which predomi-
nantly terminate in the nucleus accumbens (NAc). This circuit
is critical for reward processing and motivation [15-17]; enhancing
mesolimbic DA activity reinforces operant behavior [18, 19],
while reducing DA activity inhibits reward-related behaviors
[20-22]. Given that both the VTA and NAc receive extensive
serotonerglc innervation [23], 5-HT neurons are ideally

i to modulate limbic DA activity at the level of
DA cell bodies and their terminals, respectively. In fact, serotonin
has been shown to reduce DA-dependent behavior [24-27],
presumably by suppressing mesolimbic DA system activity [28—
32]. Thus, 5-HT may inhibit motivated behavior by opposing
mesolimbic DA system function via interactions with the VTA
and NAc.

Here, we use a combined optogenetic and pharmacological
approach to identify a potential pathway through which 5-HT may
inhibit incentive motivation. We first examined whether
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optogenetic stimulation of 5-HT output from the DRN altered
operant responding for the primary reinforcer saccharin as a
measure of incentive motivation. In contrast to the effects of
acute, pharmacological enhancement of whole-brain 5-HT via
blockade of 5-HT reuptake [8], we found that optogenetic
stimulation of DRN 5-HT neurons had no effect on responding
for saccharin. However, when combined with the selective
serotonin reuptake inhibitor (SSRI) citalopram, optogenetic
stimulation of DRN 5-HT neurons synergistically reduced respond
ing for saccharin. This decrease in responding was recapitulated
by targeting 5-HT terminals in the VTA, but not in the NAc. These
findings suggest that DRN 5-HT neurons inhibit operant respond:
ing for reward through an interaction with the VTA.

MATERIALS AND METHODS

Subjects

To express !heexclmlory opsin channelrhodopsin2 (ChR2) in 5-HT
neurons, Ai32'"" mice (Jackson 012569; [33]) were crossed with
ePet-Cre"’" mice (Jackson 012712; Fig. 1a). The ePet domain is
specific to 5-HT neurons, and has been used to direct expr

pClamp10.2 software (Molecular Devices). Optogenetic stimula-
tion (10 ms pulses; 2-10 Hz) was performed using a microscope-
mounted collimated LED (473 nm, Thorlabs; 2.5 mW at the slice).
Citalopram (1 uM) was bath applied in wtryptophan-containing
aCSF to determine effects on membrane properties and optoge-
netic stimulation response. The citalopram concentration was
chosen to be within the range of citalopram that reaches the brain
following a 1-10 mg/kg systemic injection [39, 40].

In vive microdialysis and high-performance liquid
chromatography

Microdialysis procedures were carried out as previously described
[41] and detailed in Supplementary Methods 1.1. Throughout the
procedure, mice were maintained under inhaled isoflurane
anesthesia (296) with body temperature held at 37 °C. Mice were
mounted on a stereotaxic frame, and burr holes were made in the
skull above the DRN and left NAc. An optical fiber (200 pm core,
0.39 NA) connected to a 473 nm laser was positioned above the
DRN (Interaural: A/P —0.8 M/L 0, D/V +3.0). Laser output was
(onuolled bya waveform generator. A microdialysis probe (2mm

of ChR2 in 5-HT neurons [34-36). Experimental mice were Ai32 """
and either ePet-Cre'” (ChR2+) or ePet-Cre negative (ChR2-).
ChR2+ mice exhibited expression of ChR2-EYFP in raphe 5-HT
neurons (Fig. 1b), as others have observed [37); no EYFP-
positive cells were observed in ChR2— mice (data not shown).
Experiments were peformed on adult (104 weeks old) male
mice, unless otherwise specified. All mice were group-housed
in temperature and humidity controlled environments on a 12h
light/dark cycle (lights on at 7:00 am) with food available
ad lbitum. Following surgery, mice were single-housed. In tests
of responding for saccharin, mice received 2 h of limited water
access each day. In all other experiments, water was available
ad libitum. Experiments adhered to the Canadian Council of
Animal Care standards and followed protocols approved by the
Centre for Addiction and Mental Health Animal Care Committee
and the University of Toronto Faculty of Medicine Animal
Care Committee.

Drugs

Citalopram HBr (Toronto Research Chemicals, Toronto, Canada)
was dissolved in 0.9% saline, and injected intraperitoneally in a
volume of 10ml/kg. Citalopram was injected 20 min prior to
behavioral testing with dose order determined by a Latin square
and all test sessions separated by 72 h. Doses are expressed in
terms of the free base, and were determined from previous work
in our laboratory [8].

Ex vivo electrophysiology

Coronal brain slices (400 pm) containing the DRN were obtained
for all experiments using a vibratome (Dosaka Pro-7 Linear Slicer;
SciMedia) in ice<cold oxygenated sucrose-substituted artificial
cerebrospinal fluid (aCSF). The slices were recovered at 30°C for a
minimum of 2 h in aCSF solution containing: 128 mM NaCl, 26 mM
NaHCO3, 10 mM o-glucose, 2mM CaCl,, 2mM KCl, 2mM MgSO.,
1.25mM NaM:POs pH 7.4 and saturated with 95% 02/5% COa.
wTryptophan (2.5 pM; Sigma-Aldrich) was included during
the recovery and recording period to maintain 5-HT synthesis
[38). Patch-clamp recording was performed in wtryptophan aCSF
oxygenated with 95% 0,/5% CO; at 30°C flowing at 3-4 mL/min.
Patch pipettes (2-5MQ) contained solution with: 120 mM
potassium gluconate, SmM KCl, 10mM Na,-Phosphocreatine,
10 mM HEPES buffer, 2 mM MgCl;, 120 mM potassium gluconate,
4mM K;ATP, 04mM Na,-GTP (adjusted to pH 7.3 with KOH).
DRN neurons were visualized using a fixed-stage microscope
(Olympus BXS0WI), and 5-HT neurons were targeted based on
EYFP expression. Whole-cell recordings were pedformed in
current-clamp with a Multiclamp 700B amplifier using
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was lowered into the NAc (Bregma: A/P
» 'I 5, M./L 0.7, D/V 5.0 from probe tip). The NAc was chosen as
a target to sample 5-HT release following optogenetic stimulation
because it receives dense input from the DRN, and is a large
enough region in the mouse brain to easily accommodate a
microdialysis probe. The probe was continuously perfused with
aCSF at 1plmin. Sampling began 90min following probe
insertion. Samples were collected every 10 min, and immediately
analyzed for 5-HT concentration via high-peformance liquid
chromatography. Baseline 5-HT concentration was considered
stable when three consecutive samples varied less than 10%.
Experimental procedures are detailed in  Supplementary
Methods 1.2.

Behavioral testing
Responding for saccharin was measured in operant conditioning
boxes (22x18x13cm; Med Associates, St Albans, Vermont).
On the front wall of the chamber, a reinforcer magazine
an infrared ph tor centered 2.5 cm above the
floor. A motor-driven dipper could be raised to deliver 0.02 ml
of liquid through a hole in the magazine floor. One retractable
lever was located on the left of the magazne, which was
extended for the duration of operant testing. Operant boxes
were illuminated by a houselight, and enclosed in a sound
attenuating chamber equipped with a ventilation fan. Mice could
be tethered to optical patch cables through a hole in the roof of
the operant box, which was connected in series to an optical
commutator and a 473nm laser controlled by a waveform
generator (See Supplementary Methods 2.1).

Responding for saccharin was carried out as previously
described [8), and detailed in Supplementary Methods 2.2.
Mice were maintained on water restriction throughout testing.
In 40-min sessions, mice were first trained to lever press for
002 ml saccharin (02% w/v) presented in a dipper for 55 on a
fixed ratio 1 schedule of reinforcement followed by a random
ratio 4 (RR4) schedule of reinforcement (1-in-4 chance of
response being rewarded). After stabilization of responding on
the RR4 schedule, mice underwent stereotaxic surgery (detailed
in Supplementary Methods 2.3) to implant optical fibers above
the DRN (midline}, VTA (bilateral), or NAc (bilateral). One week
following surgery, responding for saccharin was examined in
20-min sessions with mice tethered to the optical commutator.
Mice first received 10 re-training sessions, wherein no photo-
stimulation was applied, to learn to accommodate the tether
inside the operant chamber. In subsequent tests, photostimulation
was applied for the duration of testing, unless otherwise
specified. Experimental procedures are detailed in Supplementary
Methods 2.4-2.6.
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Locomotor activity was assessed as previously described [42)
under dim lighting wusing 50x50x 3Scm

Extracebuar [5-HT) i) ©

Lover Prosses (per session) =

1M Sz W 20m
Frequency (10 mW, 10 ms pulses)

chamber with a side-mounted camera. Procedures are described

chambers with an array of 11 [} hy e
(Med Associates). Activity counts were recorded as horizontal
h breaks. were

in Suppl ary Method!

Histology

h was performed on brains collected from

camed out under bright lighting in a 25 x 35x 25 cm plexiglass

(hR2+ and ChR2 mn(e (see Supplementary Methods 3.1). Primary
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Fig. 1 Optogenetic stimulation causes dorsal raphe nucleus (DRN) 5-HT neuron activation and enhances downstream 5-HT release, but does
not alter operant responding for reward. a Expression of ChR2-EYFP specifically in 5-HT neurons was achieved by crossing Ai32° " mice and
ePet-cre mice. b Representative coronal section showing ChR2-EYFP expression in the DRN: left, 5-HT neurons immunostained for
tryptophan hydroxylase-2, a marker of 5-HT neurons; middle, cells expressing ChR2-EYFP; right, merge of tryptophan hydroxylase-2 and ChR2
EYFP channels. Scale bar represents 100 um. ¢ Schematic for ex vivo patch-clamp recordings of ChR2-EYFP expressing DRN neurons.
d Characteristic electrophysiological response of an EYFP-positive seratonergic DRN neuron to current steps and 2 Hz photostimulation trains
@ Top: average (£SEM) firing frequencies of DRN 5-HT neurons i = 13) elicited by 30 s trains of optogenetic stimulation (2-10 Hz). Bottom:
Avera ¢ llustrating that ded photostimulation (2 Hz, 200 5) can maintain a significantly elevated firing frequency compared to
baseline (paired-samples rtest: 1, = 552, p < 0.001), when tested in a subset of DRN 5-HT neurons. f Schematic for in vivo microdialysis with
optogenetic stimulation of ChR2-EYFP expressing DRN 5-HT neurons. g Average (£SEM) extracellular 5-HT concentration within the NA¢ from
anesthetized ChR2+ mice 0 ~ 5) during periods of photostimulation (blue shaded areas) or no photastimulation (unshaded areas). *p <0.05
vs. previous baseline sample from past hoc analysis. h Schematic for optogenetic stimulation (473 nm light, 10 mW, 10 ms pulses) of DRN 5-HT
neurons throughout tests of operant responding for saccharin. | Optogenetic stimulation of DRN 5-HT neurons does not alter operant

responding for saccharin: mean lever presses

SEM) for saccharin was not different between ChR2- {0 = 10; white barg and (M()

mice (n=11; green bars) at any photostimulation frequency tested (Group x Frequency: Fiyy = 0.06, ns; Group: £ g = 294, ns

gndependent-samples r-tests: all 1,z < 1.57, all p > 0.066)
“«

antibodies used were mouse monoclonal ant-TPH2 (1:500; Sigma-
Aldrichl and chicken ant-GFP (1:1000; Abcam). Secondary antibodies
used were donkey antimouse Alexa 594 (1:1000; Invitrogen) and
donkey antichicken Alexa 488 (1:1000; Jackson Immunoresearch).
Sections were imaged using a confocal microscope.

Statistics

Data were analyzed using Statistica v13 (TIBCO, Palo Alo, CA).
Electrophysiology and serotonin syndrome data were analyzed
using paired and independentsamples rtests. Neurochemical
data were analyzed using one-way ANOVAs with Sample as a
within-subjects factor. Behavioral testing data with photostimula-
tion alone were analyzed using independent-samples rtests, or
one-way ANOVAs comparing each photostimulation session with
previous and wbwquem "OFF" sessions. Behavioral testing data
that combined and treatment were
analyzed using m«rd model two or three-way ANOVAs, depend
ing on experimental design, with Group (ChR2— and ChR2+

a between-subjects factor, and Laser (ON or OFF) Crulopum
(vehicle, 5, or 10mg/kg), and Time (across a session) as within
subjects factors. Post hoc analyses were performed using Fisher's
LSD test

RESULTS

Optogenetic stimulation increases DRN 5-HT neuron activity and
causes downstream 5-HT release

Ex vivo patch-clamp electrophysiology experiments (Fig. 1c)
confirmed that ChR2-EYFP-expressing 5-HT neurons (n =13
from four ChR2+ mice) were reliably depolarized by 10 ms
pulses of 473 nm blue light, which frequently elicited doublets
(Fig. 'd Table S1). These neurons easily followed 30s
stimulation trains at different frequencies (2-10Hz; Fig. e, top
panel). Moreover, labeled 5-HT neurons reliably sustained action
potential firing in response to prolonged photostimulation trains
delivered at 2 Hz (Fig. 1e, bottom panel; paired-samples r-test
Ly~ 552, p<0.001) and 3Hz (data not shownl. In vivo
microdialysis experiments in anesthetized female ChR2+ mice
(n = 6) confirmed that optogenetic stimulation of DRN 5-HT
neurons increased downstream 5-HT release (Fig. 1). Photo
stimulation (2.5 Hz, 10 mW, 10 ms pulses) for 20min enhanced
extracellular 5-HT levels (Fig. 1g; Sample: F;y 4o = 749, p <0001;
Post hoc: p<0.001 for samples 2 and 3 vs. sample 1). Thirty
minutes later, photostimulation was reapplied for 60 min
During this time, 5-HT levels increased to a plateau within 20
min (Fig. 1g; Samples 6-12; Sample: Fis 10 = 5.24, p <001, Post
hoc p <0.01 for samples 7-12 vs. sample 6), consistent with
previous reports that 5-HT release can be sustained for extended
periods of time [43]
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Optogenetic stimulation of DRN 5-HT neurons does not alter
ding for a primary f

We next investigated the effects of optogenetic stimulation
(10mW, 10ms pulses) of DRN 5-HT neurons on responding for
saccharin in ChR2— (n = 10) and ChR2+ (n = 11) mie (Fg. 1h
We tested different photostimulation frequencies (1, 5, 10, and 20
Hz) chosen to represent different fiing frequencies of DRN 5-HT
neurons observed during reward-related behavior [44, 45]
Howewer, optogenetic stimulation had no effect on responding
at any frequency tested (Fig. 1 Group x Frequency: F, ¢, = 0.06,
ns; Group: Fusn = 2.94, ns; independent-samples r-tests: all ) <
157, all p > 0.066). It is possible that responding for sacchann was
unaffected by optogenetic stimulation because rapid reuptake
prevents the accumulation of 5-HT typically required to induce a
behavioral change. Indeed, most studies examining the involve
ment of 5-HT in reward-related behavior employ manipulations
that impair 5-HT reuptake rather than stimulate 5-HT release, and
these two manipulations produce distinct patterns of brain activity
[46]. Thus, we next tested whether combining optogenetic
stimulation with a low dose of the SSRI citalopram could alter
responding for saccharin, which would presumably enable
accumulation of 5-HT within downstream targets of the DRN

Combining optogenetic stimulation of DRN 5-HT neurons with
ctalopram treatment synergistically enhances extracellular 5-HT
levels
In DRN shces from ChR2+ mice, bath apphcation of 1uM
ctalopram resulted in a decrease in firing rate in EYFP-positive
neurons (0« 8 from three ChR2+ mice; Fig. 2a) due to the loss of
doublet firing that was observed under baseline conditions. This
change likely resulted from citalopram's effects on membrane
potential baseline: ~6823 mV, n = 13; ctalopram: -81 £4mV, n
8 unpaired rtest f,, = 26 p <005 and input resistance
(baseline: 521 =44 MO atalopram: 340 £ 68 MO the = 2.3, p<
005) (Fig. 2b; Table S1). Despite these electrophysiological
changes, optogenetic stimulation elicited firing of 5-HT neurons
at multiple frequencies (Fig. 2¢c, top panel). Further, with
citalopram on board. DRN 5-HT neurons could still be entrained
to fire for prolonged periods in response to 2 Hz photostimulation
(Fig. 3¢, bottom panel paired-samples r-test: fy, = 4.2, p <0.01)
and 3 Hz photostimulation (data not \hown] Ch.mqe\ ln down
stream 5-HT levels folk g combined DRN pl 25
Hz, 10mW, 10 ms pulses) and citalopram treatment were then
measured in ChR2— (n = 4) and ChR2 + (n = 4) mice (Fig. 2d). In
ChR2- mice, citalopram increased extracellular 5-HT concentra
tion to a peak within 20 min which steadily declined over testing
(Fig. 2e; Sample: Fyy; 44 = 3.758, p < 0.01; Post hoc: Samples 3-8 vs.
Sample 1, all p<0.05); DRN photostimulation had no further
effect (Post hoc: Samples 4-5 vs. Sample 3, ns). In ChR2+
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Fig. 2 Combining optogenetic stimulation of dorsal raphe nucleus (DRN) 5-HT neurons with the SSRI citalopram synergistically enhances © OV, Gt 0 mghg © OR2e, Cr 0 mghg
downstream levels of extracellular 5-HT. a Schematic for ex vivo patch-camp recordings combining optogenetic stimulation ChR2-EYFP
expressing DRN neurons with bath application of 1 um citalopram. b Bectrophysiological response of an EYFP-positive 5-HT neuron to current 1 1
steps In the presence of 1 uM dtalopram, and combined with 2 Hz photostimulation. ¢ Top: Average (£SEM) firing frequendies of DRN 5-HT
neurons {n = 8) elicited by 30s trains of optogenetic stimulation with 1 um citalopram in bath (2-10 Hz). Bottom: Averaged trace illustrates L3
that extended photostimulation (2 Hz, 2005) can maintain a significantly elevated firing frequency compared to baseline (paired-samples 1- 2
test: s, = 4.4, p < 0.01), when tested in a subset of DRN 5-HT neurons. d Schematic for in vivo microdialysis experiments combining 2.5 Hz
optogenetic stimulation of DRN 5-HT neurons with systemic 5 mg/kg citalopram treatment. e Extracellular 5-HT cancentration within the NAc
of anesthetized ChR2— mice (&; n = 4) and ChR2+ mice (f, n =4) following intraperitoneal citalopram injection (*CIT") and optogenetic
stimulation of DRN 5-HT neurons (blue shaded area). Inset in f shows average 5-HT concentration within each phase of sampling for ChR2+
mice. *p < 0.05 vs. previous baseline sample 0 [} 10 5 0 15 20 s 0 15 20
Citalopram (mg/kg) Session Time (min) Session Time (min)

mice, DRN and treatment response rates from the beginning of the session in ChR2+
produced a large increase in 5-HT concentration during the 20 min (bottom panel) mice compared to ChR2 - mice (top panel). This
photastimulation period, although the magnitude of this effect  experiment was repeated using higher photostimulation frequen-
was highly variable (Fig. 2f; Sample 3-5: Fyu, x) =4.13, p<005) cies, and a similar effect was observed with 5Hz Figure S1-A;
Awraging data for the Chi2+ growp across pariods of testing  Group X Cialopram X Tine: Figug = 1145, p <0.0001) and 10 He <0.001) ¢ Average (=SEM, shaded areal cumulative response rate plots for the first 10 min of testing in ChR2— ftop, white line) and ChR2+
(Baseline, Citalopram Treatment, Stimulation, Recovery) shows  (Figure S1-B; Group x Citalopram x Time: Fi,yy = 1379, p< z\lce {bottom, gleegr: line). d Combining DRN 5-HT nemoxmmosumpulanm with o(alopramuea(menrz increased lo?:moloc activity (Group x
that produced a increase in extra-  00001). In tests of locomotor actiity, the combination of Citalopram: £, ,, = 19.18, p< 0.001). e Within-session data from @ the increase in activity produced by combined photostimulation and
cellular 5-HT (Fig. 2f inset: sampling period: £y, = 5.15, p<0.05; photostimulation and citalopram increased actvity (Fig. 3d; citalopram treatment was consistent across time (Group x Citalopram x Time: Fi. ;. =0.77, ns, Group x Gitalopram: £, 1o = 19.20, p < 0.001).
Post hoc: Stimulation vs. Baseline, p < 0.05) Group x Citalopram: F, 35, = 19.18, p < 0.0001), which was consis- Data are expressed as mean (£SEM)
tent across time (Fig. 3e; Group x Gtalopram x Time: Fis114) = 077,

Fig. 3 Combining optogenetic stimulation (10 mW, 10 ms pulses) of dorsal raphe nudleus (DRN) 5-HT neurons with the SSRI citalopram
synergistically reduces operant responding for saccharin. a The combination of 2.5 Hz DRN photostimulation and citalopram treatment
reduced responding to a greater extent in ChR2+ mice (n = 11, green bars) compared to ChR2— mice (n = 10, white bars; Group x Citalopram:
Foayg = 4.66, p<0.05; *p <0.05 between ChR2— and ChR2+). b Within-session data from a Compared to ChR2— mice {top, white symbols}
ChR2+ mice (bottom, green symbols) showed a greater decline in responding early in test sessions (Group x Citalopram x Time Fiq 1.4 = 4.01,

Optogenetic stimulation of DRN 5-HT neurons combined with

ns; Group x Gtalopram: F, 4 = 1920, p <0.0001). DRN photo-
d with

treatment synergistically reduces ding for a
primary reinforcer

Combining DRN photostimulation (25Hz, 10mW, 10ms pulses)
and citalopram treatment (5, 10 mg/kg, or vehicle) synergistically
reduced responding for saccharin in ChR2+ mice relative to ChR2

mice (Fig. 3a; mice from Fig. 1i Groupx Gitalopram: F, 4
4.66, p<0.05; post hoc: 5 and 10mg/kg both p < 0.05, vehicle, ns).
A within-session analysis found that this difference was particu-
larly pronounced at the beginning of testing (Fig. 3b; Group x
Citalopram x Time: Fi,4 = 401, p<0.001). Average cumulative
response plots (Fig. 3¢) demonstrate that combined DRN
and greatly reduced

Neuropsychopharmacology {2018) 0:1-12

did not produce any
observable signs of serotonin syndrome in ChR2+ mice (See
Table $2; all 1, < 151, all p>0.148)

Optogenetic stimulation of 5-HT input to the VTA combined with
treatment gistically reduces for a

primary reinforcer

Following acquisition of responding for saccharin on a

RR4 schedule of reinforcement, ChR2— {0 = 5) and ChR2+ (n

7) mice received bilateral optical fiber implants targeting the VTA

(Fig. 4a; Figure S2A). The effect of photastimulation alone (5 mW,

10 ms pulses) was first examined in ChR2+ mice. On altemating

SPRINGER NATURE

test days, mice received either photostimulation at different
frequencies (5, 10, or 20Hz), or no ['OFFL

testing with reduced

Photostimulation of 5-HT terminals in the VTA alone had no effect
on responding for saccharin in ChR2+ mice (Fig. 4b; ANOVAs
across all OFF-ON-OFF periods: all £, < 1.04,all p > 0.325). Next,
both ChR2— and ChR2+ mice were tested on four occasions in a
randomized order following injection of vehicle or 5 mg/kg
citalopram with and without the application of SHz VTA
photostimulation. In ChR2+ mice (Fig. 4¢, right panels),

to a greater extent than citalopram alone (Laserx
Citalopram interaction: Fiy.q = 32.13, p<0.001; Post hoc: vehicle
vs. at both p <001,
citalopram 5mg/kg laser ON vs. OFF p<0001). Although no
significant interactions were observed for the remaining time bins
(Laser x Citalopram: all F <280, all p >0.14), post hoc analyses
found a significant reduction in the second time bin only when

photostimulation of 5-HT terminals in the VTA with citalopram
treatment reduced responding in a time-dependent manner
{Laser x Citalopram x Time: Fi3,15 = 5.09, p < 0.05). Tests of simple
interactions at each time bin found that within the first 5min of

SPRINGER NATURE

with {p <0.05). In
ChR2— mice (Fig. 4c, left panels), no differential effects were
observed between citalopram alone and citalopram combined
with photostimulation (Laserx Gtalopram x Time: Fppyz = 143,
ns). Average cumulative response plots for ChR2+ mice (Fig. 4d)
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fig 4 Optogenetic stimulation of S-HT terminals in the ventral tegmental area (VIA) combined with 5 mg/kg citalopram treatment
tically raduces opara for saccharin " ST tarminale in the UTA (€ mW 10 ms

pulses, 5 Hz) applied lhvaughoul tests of responding 'or sacchain in ChA2- mice {n- 5, white symbom and ChR2+ mice (n =7, green
symbols). DRN, dorsal raphe nucleus MRN, median raphe nucleus IMRN presented for completeness, weight of lines ilustrates differential
contribution of 5-HT inputs from DRN and MRN). b Photastimulation alone did not alter respanding for saccharin in ChR2+ mice at any
frequency tested: responding was not different between photostimulation sessions (blue shaded area) and sessions without photostimulation
{*OFF"; ANOVAs across all OFF-ON-OFF periods: Fiy 15 < 1.04, p > 0.325). ¢ Combining citalopram treatment with optogenetic stimulation of 5-
HT inputs to the VTA does not significantly alter responding in ChR2— mice (left panels; Laser x Citalopram x Time: £, ,;, = 1.43, ns) but
reduced responding in a time-dependent manner in ChR2+ mice {right panels; Laser x Citalopram x Time £,y .y, = 5.09, p <0.05; two-way
ANOVA in first Smin: Laser x Gtalopram: F, 5, = 3213, p< 0.001; tp < 0.001 between laser ON and OFF for § mg/kg citalopram; *p <0.05
between vehicle and citalopram). d Average (+SEM, shaded area) cumulative response rate plots for the first 10 min of test sessions from ChR2

+ mice treated with alone (top) or {bottom). e Citalopram alone did not differentially
ans locomotor activity between(hkl Hehl and ChR2+ (right) mice (Group x Citalopram: £, 1, = 3.219, ns; Citalopramy: £, ,0, = 0.727, ns)
of treatment produced an increase in activity that was consistent across time (Group x

(rtalopumleme Fiasa = 109, ns; (.mup x Citalopram: F, o = 6.80, p <0.05). Data are expressed as mean (+SEM)

Neuropsychopharmacology (2018) 0:-1-12 SPRINGERNATURE

demonstrate  that the effect of citalopram combined with
photostimulation was driven by a reduction in response rate

For example, global pharmacological inhibition or lesions of 5-HT
neurons increases the firing rate of VTA DA neurons [28, 51], which

early on in test sessions. In tests of & activity,
alone did not differentially affect ChR2— and ChR2+ mice (Fig. 4e;

may be by 5-HT neurons originating in the DRN [29, 31]
Given the importance of the mesolimbic DA system in promating
reward-related behavior, inhibition of this system would be

Gmwx(mlopum Foam=3.219, ns; (nalopum Foe= 0727,
ns). When was by with

, activity was across time (Fig. 4¢
Group x Citalopram x Time: Fy 10 = 1.09, ns; Group x Citalopram:
Fis 0 = 680, p < 0.05)

Optogenetic stimulation of 5-HT input to the NAc combined with
citalopram treatment does not reduce responding for a primary
reinforcer

Following acquisition of responding for saccharin, ChR2 — (n = 8)
and ChR2+ (n = 8) mice received bilateral optical fiber implants
targeting the NAc (Fig. 5a; Figure 52B). These mice were trained
and tested in an identical manner to mice implanted with fibers
targeting the VTA (see previous section). Photostimulation of 5-HT
terminals in the NAc alone had no effect on responding in ChR2 +
mice (Fig. 5by ANOVAs across all OFF-ON-OFF periods: Fi ) <
025, ns). Combining photostimulation of 5-HT terminals in the
NAc with citalopram treatment did not differentially affect
responding across time for saccharin in ChR2+ mice Fig. 5S¢
right panels; Laser x Citalopram x Time: £, ,,, = 0.68, ns) or ChR2

mice (Fig. 5¢, left panels; Laser x Ctalopram x Time: £,y ,,, = 0.26,
ns). Average cumulalwo vnponw plots in ChR2+ mice (Fig. 5d)
show that the and

condition produced a similar pattern of responding to the
citalopram alone condition. Similarly, no differential effects on
locomotor activity were observed between ChR2- or ChR2 + mice
following citalopram alone (Fig. 5e; Group x Gtalopram: £, 14
034, ns; Citalopram: Fy 14y = 0.857, ns) or in combination with
photostimulation (Fig. 5f; Group x Citalopram x Time: £, 4, = 093,
p = 04347; Group x Gtalopram: £, 4, = 0.02, ns)

DISCUSSION
The present work examines the role of 5-HT neurons originating in
the DRN and their downstream inputs to the mesolimbic D\

pected to reduce operant responding for rewards. Indeed, we
show that enhancing 5-HT input to the VTA reduces operant
responding for saccharin in a manner similar to enhancing DRN 5-
HT output. These studies provide inttial ewidence that 5-HT
neurons inhibit incentive motivation through a direct interaction
with the mesolimbic DA system, consistent with the idea that 5-HT
and DA act in opposition to coordinate goaldirected behavior
12, 13,52, 53]

It is possible that photostimulation of 5-HT terminals in the VTA
may also activate serotonergic fibers of passage within the medial
forebrain bundle located ventral to the optical fiber. This may be
unlikely considering that stimulation of 5-HT fibers in the NAc
itself, a major terminal region of those ascending 5-HT neurons,
did not alter responding for saccharin. However, this limitation
applies to any optogenetic study targeting 5-HT fibers in the
midbrain, and should be addressed in future studies.

Enhancing 5-HT input to the VTA reduced responding for
sacchanin, while enhancing 5-HT input to the NAc had no effect
Although this finding suggests that the VTA is important for
mediating the effects of 5-HT on operant responding for reward, it
does not preclude a modulatory role for 5-HT within the NAc
Previous studies have demonstrated that activation or blockade of
5-HT receptors in the NAc has various effects on NAc activity and
reward-related behavior [54-56]. Several factors may explain the
lack of effects observed here, including the specific reinforcer
used, the behavior examined, or the complexity of 5-HT signaling
within the NAc [57, 58]. Future studies should investigate how 5-
HT signaling within lho NAc, as well as the VTA alters other
and identfy the
contribution of dﬂﬂm( 5-HT receptors to these effects.

In order to confirm that photostimulation of the DRN actvated
5-HT neurons, we measured extracellular levels of 5-HT in the NAc.
The NAc was chosen for this purpose because it receives strong
input from the DRN [47], and s a large enough structure to

of a di probe in the mouse

system in modulating incentive mq a

and ph logical ch we d that
mhmcng DRN 5-HT output »uppvnul operant responding for
the primary reinforcer saccharin, and that these effects are
reproduced by selective enhancement of 5-HT input to the VTA
but not the NAc. These findings are consistent with an inhibitory
role for DRN 5-HT neurons in modul incentive

brain. Photostimulation of the DRN produced a small and
sustained elevation of 5-HT levels, but this manipulation was not
sufficient to alter responding for saccharin. It is possible that
operant responding fora primary reinforcer such as saccharin may
be an overtrained response, or may be a behavior that is

and suggest that these effects may be mediated by a direct
interaction with the mesolimbic DA system via inputs to the VTA,

The majority of ascending 5-HT neurons originate in the DRN
[23, 471 and evidence suggests these neurons are important
for modulating incentive mativation. Dorsal raphe 5-HT neurons
appear to code some aspects of rewarding stimuli [44, 45, 48-50],
and reducing DRN 5-HT output facilitates motvated behaviors
[9-11]. However, previous studies have been unable to identify
the effects of enhancing DRN 5-HT output on incentive motivation
due to an inability to selectively target 5-HT neurons for activation.
To overcome this, we used an optogenetic approach to stimulate
genetically identfied 5-HT neurons. Consistent with studies
inhibiting DRN 5-HT output, timulat

lled by multiple h | systems which would be
difficult to modify by small. naturally occurring changes in 5-HT
release. Based on our previous work with citalopram, and
serotonin transporter knockout mice, we suggested that 5-HT
influences on incentive mativation may be more apparent with
reinforcers that maintain lower levels of responding [8]. Accord-
ingly, it would be of interest to examine whether photostimulation
of 5-HT neurons, in the absence of ctalopram, is sufficent to
reduce responding for stimuli such as conditioned, or sensory,
reinforcers.

Responding for saccharin was reduced by combining a low
dose of dtalopram with photostimulation of the DRN (and
mbwqumﬂy the VTA). This combination also increased levels of

sar 5-HT in the NAc to a much higher degree than

DRN
5-HT neurons combined with a low dose of the SSRI citalopram
reduced operant responding for a primary reinforcer. This effect
also parallels findings that elevating whole-brain 5-HT reduces
operant responding for reward, including work from our lab using
similar operant testing procedures (8]

The abilty of DRN 5-HT neurons to inhibit operant responding
for reward may be mediated by a downstream interaction with the
mesolimbic DA system. The DRN innervates both the VTA and the
NAc, and 5-HT has been shown to inhibit mesolimbic DA activity.

SPRINGER NATURE

photostimulation alone. Howewer, since stimulation of NAc
terminals did not alter responding for saccharin, it seems unlikely
that the behavioral effects of atalopram combined with DRN

are mediated by this ly high level of 5-HT
release. Although we did not measure 5-HT levels in the VTA due
to technical imitations of sampling from this region, it is probable
that 5-HT levels would also be elevated to a great extent here.
The magnitude of increase in 5-HT release observed raises a
concern about the phy gl of these
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Fig. 5 Combining optogenetic stimulation of 5-HT terminals in the nucleus accumbens (NAC) with 5 mg/kg citalopram treatment does not
alter operant responding for saccharin. a Schematic for optogenetic stimulation of 5-HT terminals in the NAc (SmW 10 ms pulses 5 Hz)
applied throughout tests of responding for saccharin in ChR2— mice (n = 8, white symbols) and ChR2+ mice (n = 8, green symbols). DRN,
dorsal raphe nudeus; MRN, median raphe nucleus (MRN presented for completeness, weight of lines illustrates differential contribution of 5-
HT inputs from DRN and MRN). b Photostimulation alone did not alter responding for saccharin in ChR2 + mice at any frequency tested
Responding was not different between photostimulation sessions (blue shaded area) and sessions without photostimulation (‘OFF"; ANOVAs
across all OFF-ON-OFF periods F,, 4, < 0.25, p > 0.325). ¢ Combining photostimulation of 5-HT terminals in the NAcwith citalopram treatment
did not differentially affect responding for saccharin across time in ChR2— mice (left panels Laser x Citalopram x Time: £,y 1, = 0.26, ns) and
ChR2+ mice (right panels; Laser x Citalopram x Time £, ,,, = 0.68, ns). d Average (SEM, shaded area) cumulative response rate plots for the
first 10 min of test sessions from ChR2+ mice treated with dtalopram alone (top) or dtalopram combined with photostimulation (bottom).
Locomotor activity was unaffected by dtalopram alone (& Group x Citalopran: Fiyu4) = 0.34, ns; Citalopram: Fiy w) = 0857, ns) or the
combination of ditalopram and photostimulation {f; Group x Citalopram x Time: Fisaz = 0.93, ns; Group x Citaloprany: Fis, ) = 0.02, ns). Data
are expressed as mean (£SEM)
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effects in relation to behavioral changes. However, reductions
in responding were apparent within 5 min of testing, much
earlier than the peak 5-HT release observed to be produced by
this Further, the impact of
with of the VTA s. the
NAc points to a functional difference between 5-HT inputs to
these two brain areas.
The

including the SSRis citalopram (Celexa) and fluaxetine (Prozac), are
front-line treatments for depression, obsessive-compulsive dis-
order, and generalized anxiety disorder. However, these com-
pounds typically have a delayed therapeutic onset—a period that
can be marked by worsening psychiatric symptoms and elevated
risk of suicide [64] Compared to non-serotonergic antidepres-
sants, SSRIs produce side effects of avoliton and sexual

bly reflecting t

of with

stimulation of DRN 5-HT neurons or inputs to the VTA reduced
operant responding early on in test sessions. However, responding
still declined further within the session, reaching similar rates
of responding as observed under control conditions. This
suggests that the reduction in responding is not attributable to
some generalized non-specific impairment, which might be
expected to induce a stable, low level of responding acrass
the session. Consistent with this view, the combination of
and did not induce signs

of the serotonin syndrome or reduce locomotor activity. In fact,
a small increase in locomotor activity was observed. This
effect may relate to the opposing effects of 5-HT.4 and 5-HTxc
receptors on locomator activity in mice [59]. Given that citalopram
has some 5-HT, receptor antagonist properties [60], this
mild increased locomotion may result from a shift towards
5-HT,,-mediated signaling facilitating locomotor activity [S9]
Thus, it is unlikely that the reductions in responding for reward
under these conditions resulted from general disruptions to
or P motor function. Examina-

tion of the effects of serotonergic manipulations on feeding
behavior suggest that 5-HT alters feeding motivation by enhan-
cing the onset of satiety [61]. If a similar process were operating
here, we would expect changes in responding to occur late
rather than early in the session. That pattern was not observed,
suggesting that a satietylike effect does not mediate the
reductions in responding. One possible explanation for the
pattern of behavior observed in these studies is a reduction in
incentive motwation for the primary reinforcer. We have
previously hypothesized that S-HT inhibits operant responding
for multiple types of reinforcers, induding saccharin, by
reducing incentive motivation [8] Consistent with this idea
informal observation of the behavior of animals in the present
study showed that under conditions of combined citalopram and

p
higher rates [65-68]. Further, antidepressant medications that
are less selective for the 5-HT system seem to be more effective in
treating of 69, 701 It is
plausible that SSRI-mediated enhancement of 5-HT neurotrans-
mission dampens behavioral responses to rewarding stimuli
through an interaction with mesolimbic DA system activity, which
may lead to of in the
short term

In conclusion, the present studies suggest that DRN 5-HT
neurons exert an inhibitory influence over incentive motivation
for a primary reward, and point towards a DRN-VTA pathway
mediating this effect. Future studies should more extensively
characterize this 5-HT-DA interaction in the context of other
behavioral measures of incentive motivation and identify the
receptor mechanisms inwolved. A better understanding of how
5-HT and DA interact to control incentive motivation will help
uncover fundamental mechanisms of reward processing and
motivation, which are critical for refining treatment strategies for
psychiatric illness.
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photostimulation, mice often made a series p
and collected the reward before disengaging for a brief period
and resuming However, further
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to test the hypothesis that the effects observed here are
indeed a result of a S-HT-mediated reduction in incentive
motivation.
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behavior was altered only when was

combined with citalopram treatment, and the effects were not
frequency-dependent. These findings may highlight the impor-
tance of 5-HT transporter function in regulating 5-HT neurctrans-
mission and its behavioral consequences [43]. The S-HT
transporter tightly regulates 5-HT levels in the extracellular space
and rapidly terminates 5-HT signaling (43, 62]. We show that
optogenetic stimulation of DRN 5-HT neurons increases extra-
cellular 5-HT, but this reaches a plateau (Fig. 1g), likely due to
rapid reuptake by the 5-HT transparter. When the 5-HT transporter
is inhibited by citalopram, extracellular 5-HT is increased (Fig. 2¢)
concurrent with a compensatory decrease in the DRN 5-HT neuron
firing rate Figs. 2b, cl as shown by others as well [63] Thus,
with likely enabled
SHT to accumulate, which may be required to produce the
behavioral effects observed.
The present findings may help explain why serotonin-based
pharmacatherapies are ineffective in treating psychiatric disorders
in certain patients. Drugs that block the serotonin transparter,
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Application

Donner le contexte de I'étude et son objectif: Dans l'introduction

Acquisition of beneficial stimuli such as food, water, or sexual partners depends on the ability of such stimuli to elicit appetitive behaviors—a process
known as incentive motivation. Incentive motivation is coordinated by interactions among several neuro- transmitter systems in the brain, and many lines
of evidence suggest that the serotonin (5-hydroxytryptamine; 5-HT) system plays a particularly important role. For example, enhancing whole- brain 5-HT
activity reduces feeding behavior [1], operant responding for food [2, 3], brain stimulation reward [4], drug self-administration [5], and appetitive behavior
elicited by reward- associated stimuli [6-8]. The effects of 5-HT on motivated behavior may be mediated by neurons originating in the brainstem dorsal
raphe nucleus (DRN), given that lesions or pharmacological inhibition of these neurons induces feeding [9], increases the efficacy of brain stimulation
reward [10], and supports the formation of a conditioned place preference [11]. Although these inactivation studies suggest that DRN 5-HT neurons have
an inhibitory role in motivated behavior, the downstream targets mediating this effect have not been identified.

Serotonin may modulate incentive motivation through interactions with the mesolimbic dopamine (DA) system [12-14]. The mesolimbic DA system is
comprised of DA neurons originating in the ventral tegmental area (VTA) which predominantly terminate in the nucleus accumbens (NAc). This circuit is
critical for reward processing and motivation [15-17]; enhancing mesolimbic DA activity reinforces operant behavior [18, 19], while reducing DA activity
inhibits reward-related behaviors [20-22]. Given that both the VTA and NAc receive extensive serotonergic innervation [23], 5-HT neurons are ideally
positioned to modulate mesolimbic DA activity at the level of DA cell bodies and their terminals, respectively. In fact, serotonin has been shown to reduce
DA-dependent behavior [24-27], presumably by suppressing mesolimbic DA system activity [28- 32]. Thus, 5-HT may inhibit motivated behavior by
opposing mesolimbic DA system function via interactions with the VTA and NAc.

Here, we use a combined optogenetic and pharmacological approach to identify a potential pathway through which 5-HT may inhibit incentive motivation.
We first examined whether optogenetic stimulation of 5-HT output from the DRN altered operant responding for the primary reinforcer saccharin as a
measure of incentive motivation. In contrast to the effects of acute, pharmacological enhancement of whole-brain 5-HT via blockade of 5-HT reuptake [8],
we found that optogenetic stimulation of DRN 5-HT neurons had no effect on responding for saccharin. However, when combined with the selective
serotonin reuptake inhibitor (SSRI) citalopram, optogenetic stimulation of DRN 5-HT neurons synergistically reduced respond- ing for saccharin. This
decrease in responding was recapitulated by targeting 5-HT terminals in the VTA, but not in the NAc. These findings suggest that DRN 5-HT neurons inhibit
operant respond- ing for reward through an interaction with the VTA.

Sélectionner les références que vous allez citer: comment choisir ?
Favoriser : les revues, les études les plus récentes et/ou les plus
“simples” ( a la lecture du titre et de I'abstract vous savez assez

precisément ce qui est fait)
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Application : SLIDE 2
CONTEXTE

La motivation incitative: acquisition de stimuli bénéfiques : se nourrir, boire
ou encore la reproduction.

DRN (site de synthese de la 5-HT) peut inhiber les comportements liés a la

motivation : Augmente efficacité de la récompense induite par
stimulation cérébrale REF # 10

DRN = Induitle comportement alimentaire REF # 9

Le systeme dopaminergique est largement decrit
pour induire les comportements liés a la motivation
: voie de la recompense.

Le systeme serotoninergique projette a la fois sur la
VTA et le N.Ac.
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Application : SLIDE 3

PROBLEMATIQUE

»

>* motivation
incitative

Par quelle voie la 5-HT affecte-t-elle les comportements de type
motivation incitative ?
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\ Chaque figure a un objectif / une conclusion
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) . 3 la figure.

Si la conclusion n'est pas donnée dans la

légende : elle l'est dans les résultats ou la
T E discussion (rechercher dans le texte ou la
| figure est mentionnée).

Frequency (Hz)
on b o o 3

cvesrao

Frequency (Hz)

Fig. 1 Optogenetic stimulation causes dorsal raphe nucleus (DRN) 5-
= HT neuron activation and enhances downstream 5-HT release, but
does not alter operant responding for reward. aexpression of chiz-£vee specitically in 5T

neurons was achieved by crossing Ai32+/+ mice and ePet-cre+/- mice. b Representative coronal section showing ChR2-EYFP expression in
the DRN: left, 5-HT neurons immunostained for tryptophan hydroxylase-2, a marker of 5-HT neurons; middle, cells expressing ChR2-EYFP;
right, merge of tryptophan hydroxylase-2 and ChR2- EYFP channels. Scale bar represents 100pum. ¢ Schematic for ex vivo patch-clamp
recordings of ChR2-EYFP expressing DRN neurons. d Characteristic electrophysiological response of an EYFP-positive serotonergic DRN
neuron to current steps and 2 Hz photostimulation trains. e Top: average (+SEM) firing frequencies of DRN 5-HT neurons (n = 13) elicited by
30 s trains of optogenetic stimulation (2-10 Hz). Bottom: Averaged trace illustrating that extended photostimulation (2 Hz, 200 s) can
maintain a significantly elevated firing frequency compared to baseline (paired-samples t-test: t(7) = 5.52, p < 0.001), when tested in a
subset of DRN 5-HT neurons. f Schematic for in vivo microdialysis with optogenetic stimulation of ChR2-EYFP expressing DRN 5-HT
neurons. g Average (+SEM) extracellular 5-HT concentration within the NAc from anesthetized ChR2+ mice (n = 5) during periods of

0 20 40 60 80 100
Sample Time (min)

H photostimulation (blue shaded areas) or no photostimulation (unshaded areas). *p < 0.05 vs. previous baseline sample from post hoc
500y ChR2- analysis. h Schematic for optogenetic stimulation (473 nm light, 10 mW, 10 ms pulses) of DRN 5-HT neurons throughout tests of operant
3 chRe+ responding for saccharin. i Optogenetic stimulation of DRN 5-HT neurons does not alter operant responding for saccharin: mean lever

presses (+SEM) for saccharin was not different between ChR2- (n = 10; white bars) and ChR2+ mice (n=11; green bars) at any
photostimulation frequency tested (GroupxFrequency: F(3,57)=0.06, ns; Group: F(3,57)=2.94, ns; independent-samples t-tests: all t(19) <
1.57, all p > 0.066)
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Application : SLIDE 4
Modele utilisé : description

Croisement de deux souches de souris de maniéere a activer sélectivement les
neurones serotoninergique du Noyau de raphé par optogenétique :

Rendre des neurones sensibles a la lumiere en combinant le génie génétique et

'optique. Elle permet de stimuler spécifiguement un type cellulaire en laissant les
cellules voisines intactes

ePet-cre Ai32
(5-HT neurons) (ROSA26)
Activation - ’ [ chra [EYFP @
X ; 1 ChR2 | EYFP)

ePet-cre x Ai32

Q ChR2 [EYFP (5-HT neurons)

..................

...................

Adapté de Past , 2010 b
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Application : SLIDE 5
Modele utilisé : caractérisation

Electrophysiologique Neurochimique

@~ ChR2+
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Chez les souris Chr2*, la stimulation optogénétique...

... augmente l'activité électrique ... augmente la libération de 5-
du DRN HT

[ ]
universite
PARIS-SACLAY




Méthode, Astuce

Commentaire : la libération de 5-HT : le choix de ne pas présenter la
technique de mesure.

Il s'agit de microdialyse intracérébrale : pousser la curiosité du jury/ de
'auditoire pour générer une question

- Dire que cette méthode a été utilisée sans rien expliquer

- Ou dire que vous avez fait le choix de ne pas présenter cette
technique mais que vous pouvez y revenir si l'auditoire souhaite
avoir plus de détails

e
universite = FACULTE DE
PARIS-SACLAY @ PHARMACIE




Méthode

rig.2 Combining optogenetic stimulation of dorsal raphe
nucleus (DRN) 5-HT neurons with the SSRI citalopram
synergistically enhances downstream levels of

extracellular 5-HT. a schematic for ex vivo patch-clamp recordings combining
optogenetic stimulation ChR2-EYFP expressing DRN neurons with bath application of 1
pm citalopram. b Electrophysiological response of an EYFP-positive 5-HT neuron to
current steps in the presence of 1 pM citalopram, and combined with 2 Hz
photostimulation. ¢ Top: Average (+SEM) firing frequencies of DRN 5-HT neurons (n = 8)
elicited by 30 s trains of optogenetic stimulation with 1 um citalopram in bath (2-10 Hz).
Bottom: Averaged trace illustrates that extended photostimulation (2 Hz, 200 s) can
maintain a significantly elevated firing frequency compared to baseline (paired-samples
t- test: t(5) = 4.4, p < 0.01), when tested in a subset of DRN 5-HT neurons. d Schematic for
in vivo microdialysis experiments combining 2.5 Hz optogenetic stimulation of DRN 5-HT
neurons with systemic 5 mg/kg citalopram treatment. e Extracellular 5-HT concentration
within the NAc of anesthetized ChR2- mice (e; n = 4) and ChR2+ mice (f, n = 4) following
intraperitoneal citalopram injection (“CIT") and optogenetic stimulation of DRN 5-HT
neurons (blue shaded area). Inset in f shows average 5-HT concentration within each
phase of sampling for ChR2+ mice. *p < 0.05 vs. previous baseline sample

Les figures A, B et C montrent qu’en présence de citalopram la stimulation
optogénétique est encore capable d'augmenter la fréquence de décharge dans le
DRN: On peut décider d’enlever cette partie.

Important : ne pas le cacher ce choix et garder la figure en fin de présentation et étre
prét a la présenter en cas de question
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Application :

Combinaison d’'un traitement avec un ISRS avec une
stimulation optogénétique
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Synergie entre le traitement avec le citalopram et la stimulation
optogenétique au regard de la concentration de 5-HT
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Méthode

Fig. 3 Combining optogenetic stimulation (10 mW, 10 ms
pulses) of dorsal raphe nucleus (DRN) 5-HT neurons
with the SSRI citalopram synergistically reduces operant

responding for saccharin. a The combination of 2.5 Hz DRN
photostimulation and citalopram treatment reduced responding to
a greater extent in ChR2+ mice (n = 11, green bars) compared to
ChR2- mice (n = 10, white bars; Group x Citalopram: F(2,38) = 4.66,
p < 0.05; *p < 0.05 between ChR2- and ChR2+). b Within-session
data from a; Compared to ChR2- mice (top, white symbols), ChR2+
mice (bottom, green symbols) showed a greater decline in
responding early in test sessions (Group x Citalopram x Time:
F(6,114) = 4.01, p < 0.001). ¢ Average (+SEM, shaded area)
cumulative response rate plots for the first 10 min of testing in
ChR2- (top, white line) and ChR2+ mice (bottom, green line). d
Combining DRN 5-HT neuron photostimulation with citalopram
treatment increased locomotor activity (Group x Citalopram: F(2,38)
= 19.18, p < 0.001). e Within-session data from d; the increase in
activity produced by combined photostimulation and citalopram
treatment was consistent across time (Group x Citalopram x Time:
F(6,114) = 0.77, ns, Group x Citalopram: F(2,38) = 19.20, p < 0.001).
Data are expressed as mean (+SEM)
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Méthode

2.2 Procedures for measuring operant responding for saccharin

Prior to surgery, mice were trained to respond for saccharin (0.2% w/v in tap water). Mice were
first acclimatized to water restriction for one week and were given access to a bottle containing
saccharin in their homecage three times to reduce neophobia in subsequent test phases. Mice
were then trained to retrieve saccharin (0.02 ml) from the reward magazine when it was
presented. In two 30 minutes sessions, the dipper containing saccharin was raised for 8s 60 times
according to an RT 30-s schedule. Subsequently, mice were trained to lever press for saccharin.
One lever was presented at the beginning of testing, responding on which could result in elevation
of the dipper containing saccharin for 5s, after which time the dipper descended. In 40 minutes
sessions, mice were trained to lever press for saccharin according to a fixed-ratio 1 schedule of
reinforcement until they received >30 saccharin presentations in two consecutive sessions. Testing
was subsequently completed according to a random ratio 4 (RR4) schedule of reinforcement (1-in-
4 chance of reinforcer delivery following response).

Following stabilization of responding for saccharin on the RR4 schedule of reinforcement, mice
underwent stereotaxic surgery to receive optical fiber implants. One week following surgery,
responding for saccharin was examined in 20 minutes sessions with mice tethered to the optical
commutator. Mice first received 10 re-training sessions to learn to accommodate the tether inside
the operant chamber. During these sessions, no photostimulation was applied. Specific
experimental details are outlined below.
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Application : SLIDE 7/

La motivation incitative : conditionnement opérant

—&

Habituation a la saccharine dans la cage
de vie des souris

Entrainement a retrouver la saccharine
dans la cage de conditionnement
opérant

Entrainement a appuyer sur la pédale
pour obtenir la saccharine
Entrainement a appuyer sur la pédale
pour obtenir la saccharine avec un
random ratio de 1 sur 4

Chirurgie : implantation des optrodes et
réentrainement des souris équipées des
fibres optiques

Séance de test avec laser ON
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Méthode

Fig. 3 Combining optogenetic stimulation (10 mW, 10 ms
pulses) of dorsal raphe nucleus (DRN) 5-HT neurons
with the SSRI citalopram synergistically reduces operant

responding for saccharin. a The combination of 2.5 Hz DRN
photostimulation and citalopram treatment reduced responding to
a greater extent in ChR2+ mice (n = 11, green bars) compared to
ChR2- mice (n = 10, white bars; Group x Citalopram: F(2,38) = 4.66,
p < 0.05; *p < 0.05 between ChR2- and ChR2+). b Within-session
data from a; Compared to ChR2- mice (top, white symbols), ChR2+
mice (bottom, green symbols) showed a greater decline in
responding early in test sessions (Group x Citalopram x Time:
F(6,114) = 4.01, p < 0.001). ¢ Average (+SEM, shaded area)
cumulative response rate plots for the first 10 min of testing in
ChR2- (top, white line) and ChR2+ mice (bottom, green line). d
Combining DRN 5-HT neuron photostimulation with citalopram
treatment increased locomotor activity (Group x Citalopram: F(2,38)
= 19.18, p < 0.001). e Within-session data from d; the increase in
activity produced by combined photostimulation and citalopram
treatment was consistent across time (Group x Citalopram x Time:
F(6,114) = 0.77, ns, Group x Citalopram: F(2,38) = 19.20, p < 0.001).
Data are expressed as mean (+SEM)
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Application :

Citalopram + Stimulation optogénétique du DRN
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Méthode

A 4730m B
5mW, 10 ms pulses
- ChR2+
5 500
2
g 400
& 300
$
200:
£
/®
]
34 o
VTA ’L_’_/ OFF 5Hz OFF 10Hz OFF 20Hz OFF
Photostimulation (5 mW, 10 ms pulses)
c I o ] [ Toser o D
20 O ChR2-, Vehicle 200- @ ChR2+, Vehicle 300
«O= ChR2-, Cit. 5 mg/kg @ ChR2+, Cit. 5 mglkg @
H
150 150 e
& 8 g
o 10 T 100{ 3
2 2 % 2
2 5 . 50 g
o £
o
ol
5 10 15 20 5 10 15 20 150 300 450 600
Session Time (min) Session Time (min) Session Time (s)
200, O ChRZ- Venice 2007 @ ChR2: Vehide 3009 — CnR2+, Vehicke
O~ ChR2-, Cit. 5 mglkg -0~ ChR2+, Cit. 5 mgrkg a — ChR2+, Cit. 5 mg/kg
?
150 150 o
8 8 2 200
2 2 8
o o H
o 100: o 100; 3 3
g g 2
5 5 T 100
50 50] 4 H
* 3
T o
0
5 10 15 20 5 10 15 20 150 300 450 600
Session Time (min) Session Time (min) Session Time (s)
E [ Taser OFF ] [ Toseror ] F
15007 -0 ChiRZ- Vehicle 15007 “@ ChR2+, Vehicle 15009 “O- ChR2-, Vehicle 15007 “@ ChR2+, Vehicle
=O= ChR2-, Cit. 5Smg/kg @ ChR2+, Cit. 5 mg/kg =O= ChR2-, Cit. 5mg/kg «@ ChR2+, Cit. 5 mg/kg
2 2
£ 1000; 1000: < 100 1000
3 3
o o
3 3
3 500 500 3 so 500/
5 1o 15 20 5 10 15 20 5 10 15 20 5 10 15 20
Session Time (min) Session Time (min) Session Time (min) Session Time (min)

Fig. 4 Optogenetic stimulation of 5-HT terminals in the
ventral tegmental area (VTA) combined with 5mg/kg
citalopram treatment synergistically reduces operant
responding for saccharin.
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Fig. 5 Combining optogenetic stimulation of 5-HT
terminals in the nucleus accumbens (NAc) with 5
mg/kg citalopram treatment does not alter operant
responding for saccharin
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Application : SLIDE 9

Citalopram + Stim. Opto. du Nac. ou de la VTA.
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Sous citalopram, l'activation
opérante a la saccharine alors que dans les mémes conditions l'activation

optogénétique de la voie DRN-Nac est sans effet.
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optogénétique de la voie DRN-VTA réduit la réponse
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Méthode

Pour conclure il est souvent bon de revenir a la question posée
et d'y repondre clairement.

Un schéma au départ : y revenir faire la synthese des résultats
et conclure.

Donner éventuellement les limites du travail (parfois il y a un
paragraphe dedié aux limites dans la discussion)
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Application : SLIDE 10

CONCLUSION

Par quelle voie la 5-HT affecte-t-elle les comportements de type
motivation incitative ?

v

motivation
Incitative
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CONCLUSION

Par quelle voie la 5-HT affecte-t-elle les comportements de type
motivation incitative ?

> Sans effet sur la
motivation
Incitative
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Application : SLIDE 10

CONCLUSION

Par quelle voie la 5-HT affecte-t-elle les comportements de type
motivation incitative ?

v

motivation
Incitative

La motivation incitative est affectée par la voie sérotoninergique
DRN-VTA.
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PERSPECTIVES

La VTA est une structure clé du systeme dopaminergique. Comprendre
plus en détail les relations entre systeme sérotoninergique et
dopaminergique pourrait ouvrir la voie a de potentielles application
thérapeutique notamment en psychiatrie ou le contréle de la motivation
est important.

- Quel est le récepteur 5-HT implique ?

- Conséqguence pour l'apprentissage ?

- Compléter la batterie de tests ?

- Appliquer une inhibition optogenétique ?

- Application locale dans la VTA d'antagonistes tel que le WAY 100635 qui
est un antagoniste du recepteur 5-HT;, qui est le recepteur de la 5-HT
le plus exprimeé et qui est couplé a une protéine G;
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Merci pour votre attention
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Méthode

Une fois le diaporama preét:

Preparer le texte : 2 facons de faire:
- soit taper tout le texte et l'apprendre
- soit ne lister que les éléments clés a ne pas oublier

Si vous tapez tout le texte ne le lisez pas pendant la présentation : ce
n'est qu'un document intermediaire pour vous préeparer

Si vous avez une liste de points clés vous pouvez les avoir sous les
yeux (il y a un mode présentation qui vous permet d’avoir vos notes
sur |'écran de l'ordinateur).

Pour présenter le diaporama :

- présentez vous

- regardez le public

- utilisez le pointeur en pointant : les mots clés, les résultats important,

la phrase de conclusion .
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31 janvier 2019

Dorsal raphe serotonin neurons inhibit operant responding for
reward via inputs to the ventral tegmental area but not the
nucleus accumbens: evidence from studies combining
optogenetic stimulation and serotonin reuptake inhibition

Neuropsychopharmacology. 2018 Nov IF=6,5

Caleb J. Browne, Andrew R. Abela, Duong Chu, Zhaoxia Li, Xiaodong Ji, Evelyn K. Lambe and Paul J. Fletcher

Toronto, Canada

UEM 819 Master 1 : Tintin, Milou, Obelix, Astérix,
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Application : SLIDE 2
CONTEXTE

La motivation incitative: acquisition de stimuli bénéfiques : se nourrir, boire
ou encore la reproduction.

DRN (site de synthese de la 5-HT) peut inhiber les comportements liés a la

motivation : Augmente efficacité de la récompense induite par
stimulation cérébrale REF # 10

DRN = Induitle comportement alimentaire REF # 9

Le systeme dopaminergique est largement decrit
pour induire les comportements liés a la motivation
: voie de la recompense.

Le systeme serotoninergique projette a la fois sur la
VTA et le N.Ac.
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PROBLEMATIQUE

»

>* motivation
incitative

Par quelle voie la 5-HT affecte-t-elle les comportements de type
motivation incitative ?
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Application : SLIDE 4
Modele utilise : description

Croisement de deux souches de souris de maniéere a activer sélectivement les
neurones sérotoninergique du Noyau de raphé par optogenétique :

Rendre des neurones sensibles a la lumiere en combinant le génie génétique et

l'optique. Elle permet de stimuler spécifiguement un type cellulaire en laissant les
cellules voisines intactes

ePet-cre Ai32
(5-HT neurons) (ROSA26)
Activation - 1 [ chra [EYFP @
X ; 1 ChR2 | EYFP)

(470 nm)

ePet-cre x Ai32

(. ChR2 [EYFP (5-HT neurons)

...................

‘H ”

ipHR

e [T

Adapté de Pastrana, 2010
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Modele utilisé : caractérisation

Electrophysiologique Neurochimique
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Chez les souris Chr2*, la stimulation
optogenétique...
... augmente l'activité électrique ... augmente la libération de 5-
du DRN HT
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Application:

Combinaison d’'un traitement avec in
ISRS avec une stimulation
optogénétique
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Synergie entre le traitement avec le citalopram et la stimulation
optogenétique au regard de la concentration de 5-HT
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La motivation incitative : conditionnement opérant

—&

Habituation a la sacharine dans la cage
de vie des souris

Entrainement a retrouver la saccharine
dans la cage de conditionnement
opérant

Entrainement a a appuyer sur la pédale
pour obtenir la saccharine
Entrainement a appuyer sur la pédale
pour obtenir la saccharine avec un
random ratio de 1 sur 4

Chirurgie : implantation des optrodes et
réentrainement des souris équipés des
fibre optiques .

Séance de test avec laser ON universite
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Application :

Citalopram + Stimulation optogénétique du DRN
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Citalopram + Stim. Opto. du Nac. ou de la VTA.
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Sous citalopram, l'activation optognétique de la voie DRN-VTA réduit la
réponse opérante a la saccharine alors que dans les mémes conditions
I'activation optognétique de la voie DRN-Nac est sans effet.
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CONCLUSION

Par quelle voie la 5-HT affecte-t-elle les comportements de type
motivation incitative ?
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CONCLUSION

Par quelle voie la 5-HT affecte-t-elle les comportements de type
motivation incitative ?

v

motivation
Incitative

La motivation incitative est affectée par la voie sérotoninergique
DRN-VTA.
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PERSPECTIVES

La VTA est une structure clé du systeme dopaminergique. Comprendre
plus en détail les relations entre systeme sérotoninergique et
dopaminergique pourrait ouvrir la voie a de potentielles application
thérapeutique notamment en psychiatrie ou le contréle de la motivation
est important.

- Quel est le récepteur 5-HT implique ?

- Conséqguence pour l'apprentissage ?

- Compléter la batterie de tests ?

- Appliquer une inhibition optogenétique ?

- Application locale dans la VTA d'antagonistes tel que le WAY 100635 qui
est un antagoniste du recepteur 5-HT;, qui est le recepteur de la 5-HT
le plus exprimeé et qui est couplé a une protéine G;
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Merci pour votre attention
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