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Abstract

Odor-preferences are usually influendsdife experiences. However, the neural circuit mechanisms remain
unclear. The medial olfactory tubercle (mQG%)involvedin both reward and olfaction, while the ventral
tegmental area (VTA) dopaminergic (DAergic) neurons are considerbeé tngaged in reward and
motivation. Herewe found that the VTA (DAergic)-mOT pathway could be activdigdlifferent typesof
naturalistic rewardsis well as odorsin DAT-cre mice. Optogenetic activation of the VTA-mOT DAergic
fibers was abl&o elicit preferences for space, location and neutral odor, ywhéemacological blockade of
the dopamine receptoirs the mOT fully prevented thedorpreference formation. Furthermore, inactivation
of the mOT-projecting VTA DAergic neurons eliminated the previously foroued preference and strongly
affected theGo-no go learning efficiencyln summary, our results revealed that the VTA (DAergic)-mOT
pathway mediates a varietf naturalistic reward processes and different typlepreferences including
odorpreference in mice.

Key words: medial olfactory tubercleydorpreference, reward, ventral tegmental area

I ntroduction

Sensory perceptions are influendsdlife experiences. For ug;s a pleasure to unexpectedly smell the odor

of grandmother’s cookies that we loved in our childhood, and people of different cultures mayliffavent
odorpreferences, suclas blue cheese to European and stinky bean-curd to Chinese. For rodent:
reward-related odor percepti@critical for food foraging and reproduction (Doty 198bhe formation of
odorpreference should involve the interaction between the olfactory and reward syatdmugh the
mechanisms, the engaged brain regions and neural circuits are still unclear.

The olfactory tubercle (OTis a long and narrow tubular brain structure locattthe ventral part of
striatum. It belongsto the olfactory system and receives dense direct inputs from the tfastoy bulb
(OB) and other olfactory cortexes suahthe anterior olfactory nucleus (AON) and piriform cortex (PCX)
(Wesson and Wilson 20)11As a part of the ventral striatum reward circuitry, B& is also heavily

innervated by dopaminergic (DAergic) neurons from the ventral tegmenga{\aré,, (Voornetal. 1986).
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Belongingto both the olfactory and reward circuits (Ikemoto 2007, Wesson and Wilsoi, 2040T is at

the proper positioto play critical rolesn the formation of odor-preference. Previous results from relatively
limited studies areén agreement with this intuition. Th@T encodes natural reinforcers (Gadziola and
Wesson2016, odor valence and pheromone reward (Gadziola and Wesson 2016e8iiiset al. 2015,
Agustin-Pavon, Martinez-Garcia, and Lanuza 2014), and also nodhiereward behaviors and
odorpreferences (FitzGerald, Richardson, and Wesson)2F&L4thermore, specific domains of tkar
represent reward or punishment associated odor-cues (Mui@ts2015. These works have revealed that
the OT is involvedin the formationof odorpreference. Th®T directly receives olfactory inputs, however,
how it is regulatedby the reward system to forodorpreferences, and whether it plays roles in other reward
behaviors are still largely unknown.

An earlier study showed that the VI#an modulate the activities of olfactory-relat€@Il neurons
(Mooneyetal. 1987. The VTA DAergic neurons have been proposegdlay central rolegh general reward
and motivationyvia innervating the ventral striatuntH{ 2016, Roeper 2013, Ungless, Argilli, and Bonci
2010. As a component of the ventral striatum, most of the OT neurons are D1 andpBine
receptor-expressing medium spiny neurons (Muedtal. 2015, Millhouse and Heimer 1984vhich are
heavily innervatecdby DAergic neurons from the VTA (Voorat al. 198§. From these anatomical and
functional facts about the two brain regiom& hypothesized that the VTA (DAergi©T pathway play
pivotal roles in the formation obdorpreference and reward behaviors involving other modalities.
Compared with the lateral OT, the med@I' (mOT) is more involvedin addiction, reward and reward
associated odor perceptions (Muratal. 2015, lkemoto 2005, 2003n fact, the mOT mediates
self-administration of cocaine or D-amphetamine even more robustly thamdleisiaccumbens (NAc),
which is crucially important for reward learning and drug abuse (Koob and Volkow 2010, lkemoto 2005,
2003, Rodd-Henricket al. 2003. Therefore,we focused on the pathway made up of VTA DAergic
projection and the mOT (VTA (DAergic)-mOTip test our hypothesis that plays a key rolan the
formation ofodorpreference and the other reward behaviors.

In attemptingo answer these questionge first confirmed the direct DAergic projection from VTiA
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the mOTby using virus-based tracing system. Using fiber photometry reconsimmgubsequently showed
that the activities of the VTA-mOT DAergic projection and the méh be changedby reward or odor
stimulation respectively. Besides, optogenetic activation oWihe (DAergic)-mOT pathway was abke
activate multiple brain regions and form space/location preferdpues overcame the aversitmcentral
zone). Further, coupling this activation wibldor stimulation simultaneously could not only generate
preference for a neutral odor, but also abolished the avoidanes sorersive odorOn the other hand,
inactivating the mOT-projecting VTA DAergic neurorts, blocking the dopamine receptarsthe mOT,
abolished the expression of previously formed odor-preferencese Tésults demonstrate that activation of
the VTA (DAergic)-mOT pathway generatedorpreferenceaswell asthe other types of preferences. Thus

this pathway might be a key player in modulating perception of a given stimulus.

Results

Mapping the Input Network of themOT

To map the direct inputs of the mOT, a recombirfvitexpressing green florescent protein (B&-GFP)
was injected into the mOT (Figure 1A, B3V-labeled neurons were widely distributedthe olfactory
systems including th©B, PCX (FigurelC-F), and entorhinal cortex (data not showagwell asreward
related brain regions su@sa large area of the VTA (Figure 1Gi).the OB, a large number of neuromns

the mitral cell layeraswell asa small number of neuroms the external plexiform layer were labeley

RV (Figure 1D, E). BesideRV also labeled many neurons in other brain regions including the hippocampus

and dorsal raphe (data not shown). Our findings are consistent wittoysrestudies that the mOiE
connected with both olfactory and reward systems (lkemoto 2007, WVasddNilsorR017), but with more
certaintyby excluding the possibility of labeling the passimgfibers.

Wethen examined the cell typesRY infected neurons in the VTBy immunochemical stainingf the
tyrosine hydroxylase (TH), a biomarker of DAergic neurons, and found abtuiftihe GFP labeled cells
(55.32%, n= 3 mice) werEH positive (Figure 1H-J).
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TheVTA-mOT DAergic Projection Responded to Naturalistic Rewar d

Both theOT neurons and the VTA DAergic neurons play rateseward processing (Gadzioéhal. 2015,
Hu 2016. Although the mOTis densely innervatedy the VTA DAergic neurons, the specific functions of
this pathwayin rewarding have not been tesiadvivo. Thus,we used calcium dependent fiber photometry
(Gunaydinet al. 2013 to detect the VTA-mOT DAergic projection responding to naturalisticard
stimulations in free moving mice.

Energyis the basic requirement for the survival of animatswe first detected the response of this
pathwayin water- or food-deprived mic® sucrose solution and solid food pellet, respectively. For this
purposewe infused AAV-DIO-GCaMP6m ino the VTA of DAT-Cremice, and ecrded the fluoresence
signals of the VTA-mOT DAergic terminals (Figure 2A). When the mice doagt acquired sucrose
solution, the GCaMP fluorescence was reliably incregged 0.001, t-test, n = 6, Figur2B-D-left).
Sweetened water mainly provides a taste reward, while solidiscadeward relatetb multiple sensory
systemsWe then tested the solid food intake and found that the GCaMP signals werglialsly increased
with food pellet consumption (P < 0.001, t-test, n = 5, Figure 2D-middle).

In addition, social interactioms critical for animals,we then investigated whether the VTA-mOT
DAergic projectionis involved. We examined the effeatf male-female and male-male interactions, and
observed reliable increases of GCaMP fluorescence individualbauBe no significant difference of
fluorescence changes were observed between the male-fematal@rchale social interactionsge pooled
the data of social interaction experime(fs< 0.001,t-test, n = 6, Figur@D-right). For control micen all
the fiber photometry experiments (n = 3), only small random signals were eth$Eigure 2B, D).

Since freely behaving mice refusem consume bitter food or watdn compare the responsé the
VTA-mOT DAergic projection between reward and aversive stimulus, thesaior quinine solutions were

orally deliveredo head-fixed mice directly through a metal cannWa.found that the VTA-mOT DAergic
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projection showeda higher response to reward stimuli compared with aversive ones (Figure 2-figure
supplement 1).

ThemOT Activated by Odor Stimulation

Since theOT has been considerexs a component of the olfactory system and the mOT receives direct
inputs from theOB (Figure 1C-E), we next tested whether the mOT respomalslifferent kinds of odor
stimulations. To verify that the mOT activitiegan be activatedby odor stimulations, we infused
AAV-hsyn-GCaMP6s into the mOT of C57BL/Gdice. Calciumsignds of the mOT neurons evoked by
different odor stimulations were recorded from head-fixed miceu(€ig@-figure supplement 2A)t was
found that the mOT neurons were generally activdgdlifferent odor stimulations, including isoamyl
acetate (1SO), carvone (CAR), citral (CIT), and geraniol (GER), respectivelyr¢Fegfigure supplement
2B). The results demonstrated that the mOT was indeed invoivellactory functions, which are both
consistent with and complemetd previous studies using immunohistological and electrophysiological
methods (Gadziola et al. 2015, Carlson, Dillione, and Wesson 2014), irrespective of ttypesior
Opto-stimulation of the VTA-mOT DAergic Projection Elicited Reward Behaviors

We showed that the VTA-mOT DAergic projectios activatedby diverse naturalistic rewards, but the
behavioral effects elicitely the activation of this pathway are still unknowi.selectively manipulate this
pathway,we injeded AAV9-EF1la-floxed-ChR2-mClngy into the VTA of DAT-Cretransgenianice (Figure
3A). Six weeks after viral infectiornwe observed mCherry expressionthe somas of the VTA neurons
(Figure 3-figure supplement 1A, bottorawell asdense mCherry-positive axon fibénsthe mOT (Figure
3B). The negative mCherry signalthe VTAof C57BL/6 mice (Figure 3-figure supplement 1A, top) with
the same injection indicated that ChR2-mCherry would only expne€se-positive DAergic neurons
DAT-Cre mice.To further verify the specificity of ChR2-mCherry expressiothe DAergic neurons of the

VTA, we quantified the number of the VTA neurons that wEkepositive (TH+) and mCherry-positive
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(mCherry+).We found that about 94.39% of the mCherry+ neurons were also labeled Mifffrigure
3C-E), suggesting that the expression of ChR2-mChsigrgely restrictedo DAergic neurons. Whole cell
recording of light-evoked activity from ChR2-expressing cellbrain slices from these mice revealed that
20 Hz blue light pulses reliably induced action potentialsChR2-expressing neurons (Figure 3-fugure
supplement 1B). These results laid the basis for further optogematipulation of the DAergic VTA-mOT
projection.

We then implanted optic fiberst the mOTto activate the VTA-mOT DAergic projection (Figures 3G,
H). Toreveal the brain regions responding to the activation of the pathway, weestthe c-fos expression
(Bepariet al. 2012, Herrera and Robertson 1996, Wodéewl. 1993)in brain regions of the olfactory
cortexes and reward related are@as.expected, th®©T showed a robust enhancement of c-fos activation
(Figure 3F, Figure 3- figure supplement 1C. P = 0.040, t-test), suggdsiingwas strongly activatedy
stimulation of this pathwayin addition, the c-fos expression was significantly increasettie NAc and
PCX comparedo the control mice (Figure 3F, Figure 3- figure supplement 1D. P = 0.008Aoy P =
0.006 for PCX, t-test). The dorsal striatum (dSTR) and the lateral septal comf@E)x €khibited a
decreased and increased tendency of c-fos expression, respealilielygh neither was significant (both P >
0.05, t-test). These results indicated that both the reward and the olfactory systeraffegtzdby the
activation of the VTA-mOT DAergic fibers.

After we confirmed that the VTA-mOT DAergic projection and the mOT are inebinaewardsas
well asolfaction, and activating of this pathway affects both the reward and the olfactory systesated
the hypothesis that activation of this pathway might produce odor amdoghrer preferences. For this
purposewe first activated the VTA-mOT DAergic projectidn test whetheit was ablgo generate reward
behaviors. Real-time place preference (RTPP) tests revealed thaxmiessing ChR2 exhibited significant

preference for the light-paired chamber (76.56%25%, n = 7), compared with the control mice (50.22% +
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5.27%, n = 7) which only expressed mChefpy= 0.001, t-test, Figur8I-K). These data suggested that
acute activation of the VTA-mOT DAergic projection produces rewarding effects

Activation of the VTA-mOT DAergic projection induced acute place gyezice,is this rewarding
effect strong enouglo overcome the instinctive avoidance and drive positive reinforcement® wWigist
intra-Cranial light administratiom a specific subarea (iClass, Figure 4A) exhibited that optic #ictivaf
mice expressing ChR2-mCherry & 7) dramatically increased center exploration, represdntetihe
significantly enhanced entry and retention times, immediately after the fyrsifd@lass training using 20
Hz light pulses (FigurdB-F, P = 0.017 for center entry times, P = 0.017 for center duratibh; Video 15,
t-test). We segmented the 15 min training couesehday into every 3-min sections, and found that mice
rapidly overcame their instinctive avoidance for the central iareahout 6 min from light activatiom L1
(Figure 4D). The preference of mice for the light-paired central area incregbelight training (2.76 *
1.08, 14.81 + 4.0(85.34+ 6.04 and 52.03 5.27 central entry times; 13.29% + 5.76%, 42.29% + 11.49%,
78.86% + 9.11%, and 85.86% + 9.79% central retention for Prd,2.and L3, respectively), and was still
maintained 24 h later when no light pulse was delivered (33.80 + 4.23 for camtinatimes, P < 0.001;
66.86% * 5.66% for central retention, P < 0.001, t-té#b)such effects were observadthe control mice
(Figure 4B-E all P > 0.05, n =7, t-test). The data suggest that activation of the VTA-mOT DAergic
projection is able to overcome the instinctive avoidance and drive positive reinforcement.
Opto-stimulation of the VTA (DAergic)-mOT Pathway Coupled with Odor Exposure Elicited
Odor -preference
We then tested whether activation of the VTA-mOT DAergic mige influencesodorpreference. After two
daysof simultaneous pairingf optical stimulationin the mOT with odor stimulation, mice were testéa
preference between the two odorsthe following day without light activation (Rige 5A, B). As shownin

Figure 5C, we chose one pair of odors (carvone and gerargalghof themis equivalently samplefly naive
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mice, andfound that theChR2expressing mice showed a higher percentage of investiggmeto the paired
odor (geraniol) compared with tiin-paired (carvonelP = 0.012, n = 8t-test Video 6) or the control micg®
= 0.053, n = 8t-tes}, while the two odors still remaineztjuivalentlysampled by the control mice after pairing
with optical stimulation(P = 0.575, n = 8t-tes}. These results indicated that activation of the VTA-mOT

DAergic projection can elicbdorpreference.

As the carvone and geraniol are equivalently sampled by mimrantly,we further tested whethet is
possibleto abolish or reverse thastinctiveaversionto an odor when pairingt with this projection stimulation.
We chose two other odors, a preferred (sesame butteraadersive (TMT) odoto mice (Kobayakawat al.
2007. After two days of optical stimulatiom the mOT pairing with TMT samplingmice were tested on the
following day without light activationAs shownin Figure 5D, after pairing, thehR2expressing micén = 8)
spent a significantly higher percentage of investigatiimefor TMT, compared with the control mi¢e = 0.049,

n = § t-tes) and unpaired oddP = 0.025 t-tes}, reaching the level equivalettt sesame butt€P = 0.680, n =
8). These results indicate that activation of the VTA-mOT [Q#eprojectioncanalso abolish the avoidance of
miceto aninnatelyaversive odor.

However, optical stimulation of the VTA-mOT DAergic projectionght leadto the activatiorof the
passing-by DAergic fibersn the mOTor VTA DAergic cell bodies, which may then activate afferents
projectingto the other brain region3.o exclude these possibilities and address the role of the local mOT
dopamine release in producing tbdorpreference, we infused the D1 and D2 dopamine receptor
antagonists (SCR3390and raclopride) 5-min before pairitige projection activation with odor stimulation
(Figure 5E) We found thatadministration of these drugs abolished the formation of preferendeefpaired
odor (Figure 5F, P = 0.757, n = 6, t-test), whgpreferredby animals with only saline infusion (Figure 5F,
P = 0.027, n = 6, t-test). These results indicated that the local mOT idepegteasedy the VTA

(DAergic)-mOT pathway is responsible for the formatiomadrpreference awe have observed.
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We have shown that is sufficientto generatedorpreferencey activating the VTA (DAergic)-mOT
pathway while exposetb the odor simultaneously, and that dopammeéhe mOTis necessary for this
process. However, the potentially supra-physiological activationupeddy optogenetic manipulation
might elicit artificial behaviors. Therefore, whether this pathwgageally necessary for the formation of
odorpreference under the influenoEhedonic life experience still remains unclear. Further, whetheower
this pathway plays roles the perception of the preferred odors after the formatioodof-preferences
also unknownTo address these questiomg decidedo train water deprived mice f@o-no go task, with
one of the two odors associated with water, a naturalistic reward, then exameftethe causedy the
chemogenetical inactivation of the mOT-projecting VTA DAergic neurdasfirst, we co-injected
RV-dG-GFP into theNAc andRV-dG-dsRed into the mOT (Figure 6A, B), and found thatdtvabeled rate
(1.65%) of the VTA neurons were negligible, which implied thatay not be common for a VTA DAergic
neuronto co-innervate theNAc and the mOT (FiguréC-E). Thus,we are ableto selectively target the
mOT-projecting VTA DAergic neurons, and further express hM#Dihese neurons (Figure 7&) to
silence them. Tadieve this goalye injected CAVCMV-Cre and AAV9-EFla-floxed-hM4Di-@herry or
AAV9-EFlafloxed-mCherry into the mOTnd VTA, respedively in C57BL/6 mice (Figure A). The
mCherry positive cells are restricténl the VTA area (Figure 7B, C), and the projectiomghe OT are
mainly distributedn the medial part (Figure 7DYe found that although the mCherry-positive cells only
took a small portion (37.28) of the whole VTA DAergic neurons (Figure 7-figure supplement 1A, B),
most (90.86%) of the mCherry labeled cells were alsoexpressingTH (Figure 7E, F). The ratio of
colabeled TH+ neurons producdry CAV is much higher tharby RV-infection (Figure 1J). Since the
expression of endogenous proteins are often severely reduced foblgwed infection, the lower
co-labding raio for RV might be underestimated. Thus, with C&¥V-Cre rdrogradetranspeot from the

mOT, we are abldo selectively silence the mOT-projecting VTA DAergic neurdffe.found that after the
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Go-no go training was performed, inactivating the mOT-projecting VTA DAergiaroes disrupted the
conditioned odor-preference (Figure 7G), but intact odor discrimination remained (FigurdeitHand
middle bar pairs). These results indicated that the projection mightedessary for established
odorpreference but not critical for odor discriminatioffe further found that when the mOT-projecting
VTA neurons were inactivated during t&®-no go training, the learning efficiency of the well-trained mice
to a new odor pair was strongly affected (Figure 7H, right bar pair, 66até¥sacy vs. 91.00% for control,
with random levelat 50%, P=0.002), suggesting the important roles of the projetdicstablish the
paradigm whicltanlead to the formation of odor-preference.

Moreover,we found that dense axonal fibers were also distributetie NAc for some mice, which
was not consistent with thRV labeled results (Figure 6). This migh¢ causedby the large amount of
CAV-CMV-Cre injeded into themQOT, which may diffuse into the nearby regs. To exclde the possibty,
we injeded the AAV9-EFla-floxedMdpHR3.0-mChery into the VTA of DAT-Cremice and BDaterally
inactivated the VTA-mOT DAergic projectian anodorfood associative learning test (Fig@#a-C). The
control mice showed a significant prefereteé¢he S+ odor after the learning session (Figure 8D, 52.43% +
5.32% for pre learning, 67.78% + 3.40% for post learning, P=0.018). Howevegeopt® inhibiting the
VTA-mOT DAergic projection during the odor-food associative learrdisgupted the conditioned
odorpreference of the eNpHR-expressing mice (Figure 8D, 51.82% + 2.66% for pre le&hdiglo +
3.06% for post learning, P=0.134).

Together, these results indicated that the VTA-mOT DAergic projectiondsiptay important rolesm

the formation obdorpreference under the influence of hedonic life experience.

Discussion

The OT has been implicateth both reward and olfactory information processing (Wesson and Wilson
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2011)). In the present studyye first showed that various types of odors and diverse naturalistiovafde
stimulationscanactivate the mOT and the VTA-mOT DAergic projection, respectively. Wesfound that
activation of the VTA (DAergic)-mOT pathwagan generate preference for a neutral odor or abolish the
avoidance foran aversive odor; inhibition of the projection downstreamthe mOT through specific
dopamine receptor antagonists prevented odor-preference formation comg@atklinactivation of the
mOT-projecting VTA DAergic neurons fully blocked the formed odor-preference, and stroregiyaitd
the Go-no go learning performance which leadis the odorpreference established through naturalistic
rewardodorpreference. These data suggest that the VTA (DAergic)-mOT patmediates the formation
of odorpreference.
VTA-mOT DAergic Projection in Reward
Although previous study has shown that electrical stimulation ofOfhepromotes reward (FitzGerald,
Richardson, and Wesson 2Q1the behavioral effects have never been evaluayedirectly targeting the
VTA-mOT DAergic projection.It is reported that the ventral striatuis heterogeneously innervatdxy
GABAergic, glutamatergic and DAergic afferents from the VTA. DAergiaoesin the VTA are involved
in diverse functions, depending on their projection targets @€iah 2016 Cohenetal. 2012. The roles of
the VTA-mOT DAergic projection still remain unclear. Here, using optogenetefound that, activation
of the VTA-mOT DAergic projection elicited RTPP (FigB&-K) (Stamatakis and Stuber 2Q;12nd the
rewarding effect was strong enoughrapidly overcome the instinctive avoidance of niwelrive positive
reinforcement (Figure 4). Moreover, taking advantagenofivo calcium dependent fiber photometwye
found for the first time that the VTA-mOT DAergic projection was attdby diverse naturalistic rewards,
including sucrose solution, solid food and social interactions (Figure 2). Our results condiodidate
rewarding role of the mOT and demonstrate that the VTA-mOT DAergicgbianes involved in this
function.

Lacking cellular specificity, electrical stimulation might activédeal neuron population, and axon
fibers projectingto the area and passing-by non-selectively. Thereforeias difficult to decide which

component(s), local neurons, afferemor efferent from the OT, and fibers passigthe OT, contributéo
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the observed effects. Our results using optogenetics proved tihadtian of the VTA-mOT DAergic
projection contributego the rewarding role of the mOT, though the downstream neurotise mOT
involvedin this pathway still neetb be elucidatedt was reported that activation of the trimeric G-protein
Gscoupled D1R increases the excitability of the D1R+ neurons, and that aatightive Gi-coupled D2R
decreases the excitabiligf the D2R+ neurons (Stoof and Kebabian )98hus, the rewarding effect
observed here might be dteethe simultaneous activation of D1R+ neurons and inhibition of D2R+ neuron
followed by dopamine release the mOT. Besides, cholinergic neuranghe OT also respontb DAergic
terminal activation (Wielanet al. 2014, which might also leado reward, because rats easily learted
self-administer cholinergic receptor agonists carbachohe NAc (lkemotoet al. 1998. Together, these
researches implicated that the rewarding effects prodogestimulation of the VTA-mOT DAergic
projection mightoe the results of diverse activation and/or inactivation response of different populations of
neuronsin the mOT. Further studies using optogenetic and chemogéoetianipulate cell-type specific
neuronsin the mOT with corresponding Cre-line transgenic mice for the ehlimidaf the downstream
pathway would be of great interest.

On one hand, artificial activation of the VTA-mOT DAergic terminals generates reward bebavibe
other hand, this pathwayg activatedby naturalistic rewards, including sucrose solution, solid food and
social interactionslt is reported that the activities of the VTA DAergic projection are target-depemdent
responseo rewards and shock (Kirat al. 2016§. For example, the projectidilmo NAc has been showto
increase activity during reward and decrease activityduring shock, while the projection to
basolateral-amygdala displayed increased response to both rewaroekd Adso, the projectiorio
prefrontal cortex exhibited increased activity to shock but not rewéedound that the VTA-mOT DAergic
projectionis activatedby different types of naturalistic rewards, thus suggesting ithatight mediate
generalized rewarding processes. Besides, the VTA-mOT DAergic projecttso slightly activatetly the
bitter quinine solution, althoughis more weakly activated thdy sucrose solution. Furthermore, although
the NAc/mOT-projecting VTA DAergic neurons may hardly be completely ¢éabkainitedby the efficiency

of RV infection,it could be speculated that the VTA DAergic neurons may not commonly innbothtéhe
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NAc and mOT depending on the very l@e-labeled rate of VTA neuronsy RV (Figure 6). These results
added new information to the functional heterogeneity of VTA DAergic projextion

VTA (DAergic)-mOT Pathway in Odor and Other Preferences

Reward-related odor perceptiancritical for survival and reproductioof animals (Doty 1986 As recent
studies have shown that ti@T neurons encode odor valeniog enhancing firing rates (Gadziokt al.
2019, and that rewarding odor cues preferentially activate the D1R+ neurdhe mOT (Murateet al.
20195, the mOT seems to be involved adorpreference. However, the mechanisth how the
odor-preferences established under the influence of life experience remains unclear.

In the present study, we found that the VTA-mOT DAergic projection is adtibgtediverse
naturalistic rewards, the activities of the mOT are altesed wide range of odorants, and mice exhibited a
preference fora given odor if that olfactory stimulant is paired with the activation of thé& V
(DAergic)-mOT pathway. Our results thus provateinsight that the activation of the VTA-mOT DAergic
projectionby hedoniclife experience might contribute the generation of the preference for experience
related odors.

We showed thatt is sufficientto artificially generateodorpreferenceoy optogenetic activation of the
VTA-mOT DAergic projection (Figure 5). Since this phenomeimabolishedby the dopamine receptor
antagonist administratian the mOT, andat may not be common for a VTA DAergic neurtmco-innervate
the NAc and the mOT (Figure 6)ye canexclude the contributions of the activation of passing-by DAergic
fibers in the mOTor VTA DAergic cell bodies, and confirm that the mOT dopamine releagethe
VTA-mOT DAergic projection should be responsible for tborpreference formation. Besides, this
pathwayis also necessary for odor based reward learning and the expressiatudistically formed
odorpreference (Figure 7, 8). However, whether or how this pathway playgsindlee formation of odor
aversion, or the perception of the instinct preferred/aversive odors is still unknown.

In the present study, inactivating the mOT projecting VTA neurons dicffestt the learnGo-no go
performance (Figure 7G, H), mice were both highly motivated and still rberexh howto seekwater

rewards. The possibleaons are that, the limited population of DAergic neurons labeled by@AV-Cre
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from the mOT may leatb incomplete inhibition or alternatively, the specific VTA (DAergic)-mOT pathway
might not be necessary for established reward seeking behavior. Thus, the othgratiewegls suchsthe
different populations of VTA DAergic neurons projecting to the NAc, dorsal striatum and other brans regio
may compensate the motivation and expression of reward seeking (Hu 2016

Inactivating the mOT projecting VTA neurons did not affect reward segkiungstrongly affected the
learning efficiency for a new odor pair. Dopamine has been widely repmrtstlengthen environment
stimuli-encoded glutamate inputs in the NAc, thus facilitated environment sed-baward learning (Flagel
et al. 2011, Brittet al. 2012. However, the function of the VTA (DAergic)-mOT pathway reward
learning has been rarely studied. Herereported that the pathway plays important ratesdor cue-based
reward learning, toward which mice are atweestablishan odorpreference. Since inactivating the mOT
projecting VTA neurons abolished the preference Serodor, togetherwe summarized that the VTA
(DAergic)-mOT pathwayis both necessary for the expression of established odor preference and ma
influence the establishment aflorpreference.

The reasons why paired activation of the VTA-mOT DAergic projectjeneratesodorpreference
could be complex. Given that the m@idirectly innervatedby mitral/tufted cells from théB (Figure
1;(Igarashiet al. 2012, Scott, Mcbride, and Schneider 1)9&0hd participatesn odor perception (Figure
2-figure supplement 2); (Agustin-Pavon, Martinez-Garcia, aaauka 2014, Moonegt al. 1987, Carlson,
Dillione, and Wesson 20)¥% and that the D1R+ neuroms the mOT are involveth reward related odor
perception, the first possibility is that activation of the VTA-mDAergic projection might induce
long-term potentiation (LP)in mOT D1R+ neurons, and enhance the paired odors related input comgsecti
with these neurons. Hence, future occurrerafethe paired odors should resuit an increased rat®f
activation of D1R+ neuronsn the mOT, even without artificial activation of the VTA-mOT DAergic
projection,asis the casén theNAc (Keeler, Pretsell, and Robbins 2014, Gerfen and Surmeier 2011, Hikida
et al. 2010. Another possibility involves a broader netwolk.the present studyye found that activating
the VTA-mOT DAergic projection induced increased c-fos expressidoth theNAc and PCX (Figure

3A-F, Figure 3-figure supplement 1). Because Mc is involved in reward Hu 2016, Carlezon and
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Thomas 2009) and the PAXresponsible for olfactory memory and odor perception (Wilson and Sullivan
2011, it’s likely that the simultaneous activation of these two and the other brain gegay refer the
olfactory memoryof the paired odor$o reward, leadingo alteredodorpreference. Further studies with
specific manipulation and recording of neuramshe mOT and PCX are need&daddress the mechanism

in detail.

Animals learnto associate diverse sensory cues, not only odors, with rewards depending on their lif
experience. The striatum plageimportant rolan experience-dependent reward learning behaviors (Mahon,
Deniau, and Charpier 2004, Wickens, Reynolds, and Hyland) 2B kadeof the striatum D1R+ neurons
damages both the visual cue-based reward learning and cocaine-induced compdigenadreference
(Yawda et d. 2012, Hikida et ka 2010). Besides, thadivation of striatum D1Ris necessary for the
generation of corticostriatal LTP that indud®dconcurrent phasic dopamine release and cortical stimulation
(Keeler, Pretsell, and Robbins 2014, Mahon, Deniau, and Charpiex. 24hl, auditory and other sensory
cuescan usually stimulate the cortical activatioAs a part of the ventral striatum, tliT neurons also
respondto an auditory stimulus (Wesson and Wilson 201@x pleasant for petlogsto hear the voice of
their owners and for lovert® hear the melodies of the songs they sang together. Whether the VTA-mO
pathway influences these auditory preferences isaaigteresting question.

The Functional Differences between the mOT and the Adjacent Brain Regions

The OT is composedof the medial and lateral parts, which are functionally different feawoh other
(Murataet al. 2015, DiBenedictiet al. 2015, Agustin-Pavon, Martinez-Garcia, and Lanuza 2014, Ikemoto
2003. Thus, how the VTA DAergic projectioio the lateralOT affects and responds rewardor aversion
compared with the mOT still remains to be examined.

It should also be pointed out that, althougé intendedto reveal the functions of the VTA-mOT
DAergic projectionin odorpreference, the border for the mOT and the lat®&lcould be potentially
imprecisely divided du¢o limited knowledge about this. Besidéss also a difficult problento perfectly
demark theOT from the ventral pallidumn the present workye divided the mOT from the later@T at

the most gyrated part of the layem&we did before (Zhangt al. 2017, and assigned the mOT with the
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region containing the superficially located Islands of Calleja and surrounded cortex-lipartoents
accordingto the previous reports (Muratd al. 2015, Xiong and Wesson 2018esides, the layers of the
OT were also divided using methonisXiong’s work (Xiong and Wesson 201.6The border of the layer 3
was demarkedy the deep layés islands of Calleja.

Besides, thNAc and OT, components of the ventral striatum, mediate reward procaasitayly
(Strianoet al. 2014, Millhouse and Heimer 1984) and both are inneniatddlAergic projections from the
VTA. Although theNAc has been extensively studied, D€ has received much less attentiansspite of
the unique anatomical position. Previous studies found that the mOT robustly meeliagesninistration
of cocaine or D-amphetamine more thanh#& (Ikemoto 20052003. Given that pharmacological agents
candiffuse easily, it is difficult to specifically target the mOT while leaving the adjacent brain areas (like the
NAc) undisturbed. Meanwhile, a recent research reported that optmgeativationof DAergic terminals
innervating theNAc is sufficient to drive positive reinforcement (Steinbeeg al. 2014, whether there
would be any functional difference between activation of DAergic projedtiothe mOT and NAds
unknown. Further studies using optogenetic activation of VTA DAergic projedtiahe NAc might beof
great help to reveal their features.

In summarywe have provided evidence that the VTA-mOT DAergic projectianbe activatedy a
variety of rewards and that activation of the projecteam generate robust rewarding, leadiogormation
of olfactoryaswell asspatial preferences the corresponding stimulatios coupled with the activation of
the projection simultaneously. These results may undertgcuit mechanism for how preference

influencedby life experience.

Materialsand Methods

Animals

All surgical and experimental procedures were conducteatcordance with the guidelines of the Animal
Care and Use Committees the Wuhan Institute of Physics and Mathematics, the Chinese Acaafemy

Sciences (reference number: WIPM-(2014)39). Adult male and fendaIBLZ6 mice were purchased from
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Hunan SJA Laboratory Animal Company. DAT-Cre mice used were hetet®zygpd bred from
DAT-internal ribosome entry site (IRES)-Cre (Jackson Laboratories, JB&®6a3tm1.1 (Cre) Bkmn/J,
stock number 006660) (Backmahal. 2006)by mating the transgenic male mice with C57BL/6 females.
All animals were housed with their littermatiesa dedicated housing room with a 12/12 h light/dark cycle.
Food and water were freely available unless specifically noted.

Viral Constructs

For AAV viruses, the AAV9-EFla-floxed-ChR2-mChey, AAV9-EFla-floxed-&ipHR3.0-mChery,
AAV9-EFla-floxed-hM4Di-mCherry, AAV9-hsynGcamp6s, and AAV9-EFla-floxed-mCherry were
packagedby BrainVTA Co., Ltd., Wuhan. AAV9-EFla-DIO-GCaMP6m and AAV9-EFla-DIO-ERGF
were gifts from Minmin Luo and constructdxry replacing the coding region of ChR2-mChemythe
AAV9-EF1a-DIO-hChR2(H134R)-mCherry plasmid (constructsdK. Deisseroth) with those encoding
enhanced membrane GFP (Addgene Plasmid 14757) or GCaMP6m (Addgene BGM)d respectively.
All AAVs were purified and concentrated to titers of approximately Zgeghome copies per milliliter.

For rabies viruses, tHeV-dG-GFP andRV-dG-dsRed were packagdy standard methodss previous
described (Osakadkt al. 2011) with titersat about 1x18pfu/ml.

To spedficdly inactivate themOT-projeding VTA DAergic neurons, CAEMV-Cre wa also
packagedt titers of approximately 3x1®genome copies per millilitdsy BrainVTA Co., Ltd., Wuhan.
Stereotactic Surgery
All procedures on animals were performadBiosafety level 2 (BSL2) animal facilitiems we did before
(Yang, Yangetal. 2016, Yang, Wanggt al. 2016. Briefly, animals were anesthetized with chloral hydrate
(400 mgl/kg, i.p.), and then placéd a stereotaxic apparatus (RWD, 68030). During surgery and virus
injection, animals were kept anesthetized with isoflurane (1%). The skull abovergbtedaareas was
thinned with a dental drill and removed carefully. Injections were conducted ai#yringe pump
(Quintessential stereotaxic injector, Stoelting, C&2311) connectedo a glass micropipette with a tip
diameter ofLl0-15 pum.

To retrograde trace the afferent neural circuit of the mRV;dG-GFP (150 nL) was unilaterally
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injected into the mO™Df the adult male C57BL/6 mice with the following coordinates: AR) mm; ML,
1.10 mm; and DV, -5.50 mm. 7 dagfter virus inection, subgaed mice wee sacificed.

To label theco-innervation of VTA neuront the mOT and NAcwe co-injected 10nL RV-dG-dsRed
into the mOT andRV-dG-GFP into theNAc with the following coordinates: AP, 1.50m; ML, 0.7mm; and
DV, -4.50mm. 7 days after virus injection, subjected mice were sacrificed.

To specifically manipulate and record the activities of the VTA-mOT DAergic projeatien
respedively injected 300 nL of AAV9-EFla-floxed-ChR2-mClugy,
AAV9-EFla-floxed-eNpHR3.0-mCherry or AAV9-EFllaxed-mCherry, AX9-EFla-DIOGCaMP6m or
AAV9-EF1a-DIO-EmGFP into the VTAfoadult DAT-Cre mice with the following coordinates: AP,
-3.20 mm; ML, 0.45 mm; and DV, 4.30 mm. Eight weeks later, subjects were ipsilateraltybilaterally
implanted with a chronic optical fiber (NA = 0.3®,= 200um; Fiblaser, Shanghai, China) or a cannula (OD
=0.48 mm/|D = 0.34mm, RWD, 68030) targetetb the mOTwith the following coordinates: AR,20 mm;

ML, 1.10 mm; and DV, -5.15m.

To specifically record the activities of the mOT neurons, we ipsilaterally injdd&@dlL of
AAV9-hsyn-Gcamp6s into the mOT of male C57BL/6J mice with the following coates: AP,1.20 mm,;

ML, 1.10 mm; and DV, 5.50 mm. Two weeks later, subjects were implanted with a chronic offitiesl
targetedto the mOT wih the following coordinates: AR,.20 mm; ML, 1.10 mm; and DV, -5.15mm.
Implants were fixedo the skull using two small screws, Cyanoacrylate Adhesive (Tonsan Adhesive, Beijing
China) and followedby dental cement (New Century, Shanghai, China). After the surljecpmycin
hydrochloride and lidocaine hydrochloride gel were apgbdtie incision siteto prevent inflammation and
decrease pain. Mice were allowsd recover forat least 1 week before behavioral tests. Brain sections
containing the mOT (AP from about 1.40 mm to 0.60 mm) were collézt®mhfirm the site of optical fiber.

To spedficdly inactivate themOT-projeding VTA DAergic neurons, 250 nL of CAEMV-Cre was
bilaterally injected into the mO®f adult male C57BL/6 mice with the same coordireg@bove, and 300
nL of AAV9-EFla-floxed-hM4Di-mCherry or AY9-EFla-floxed-mChey into the VTA of the C57BI6

mice with the following coordinates: AR.20 mm; ML, 0.45 mm; and DV, -4.30mm. About 3 weeks later,
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subjects were implanted with a small home-made metal bark to the skull for heh@Gdixe go training.
Odor Stimulation

For the odor stimulation, isoamyl acetate, carvone, citral, andigefah from Sigma, MO, USA)
with 5% dilutions of saturated vapors were used. And mineral oil wasasseaontrol. Each odor was
presented for four consecutive trials. The duration of the odor pulse was 2awitér-trial interval of 28
s to prevent habituation. Vdication of the optic fiber placement were daig¢he end of the experiments,
using methods described in our previous publication (Li, Gong, and Xy§.2011
Optogenetic Manipulations
Slice Recording

The DAT-Cre mice with AAV9EF1a-DIO-ChR2-mCherry injected into the VTA were used. The mice
were anesthetized with isoflurane. After rapid decapitation, rlieswere quickly removed and placed into
ice-cold oxygenated slicing solution saturated with mixtfr85% Q and 5%CQO,. Coronal sections (300
um thick) of the VTA were acquired using a vibratome (Leica, VT100fx3)-4 °C. The slices were
incubatedat 34 °C for 30 min and themat room temperature (22-24 °C) with oxygenated artificial
cerebrospinal fluid (ACSF) consisted @ mM): 118 NaCl, 2.5 KCI, 2 Cagl2 MgChk, 26 NaHCQ, 0.9
NaH.PQy, 11 D-glucose. After incubation, a slice was transfeteetthe recording chamber, superfused with
oxygenated ACSEtarate of 2 ml/min for recording.

Whole cell recording was performed with borosilicate glass pipettedpalketip resistance of 30 5
MQ (Sutter Instrument Co., P-1000). Recording electrodes were filled with inttacailution(in mM):
140 K-gluconate, 5 KCI, 2.5 Mg&l10 HEPES, 4Mg-ATP, 0.4 Na-GTP, 10Naphosphocreatine, 0.6
EGTA (pH 7.2, osmolarity 290 MOsm). Signals were recorded aitultiClamp 700B amplifier
(Molecular Devices, USA) and digitizeat 10 kHz with DigiData 1440A (Molecular Devices, USA). The
somas of ChR2-expressing VTA DAergic neurons (mCherry-positive) were easily idertdi®ptically
stimulate ChR2-expressing neurons, a single-waveldrigfthsystem(A = 470 nm, CoolLEOPE-100) with
light pulsesat5 ms, 20 Hz was used. Data were analyzed using Clampfit 10.3 software and origin 9.0.

Behavioral Task
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For all behavioral experimentaie handled the mice for 2 days before the training experiment, 3-5 min for
eachday, allowing themnto get usedo the tethering procedure. For optogenetic stimulation, the implanted
optic fiber was connecteid a blue light lasewia patch cords (Fiblaser, Shanghai, China) and a fiber-optic
rotary joint (Doric Lenses, Quebec, Canada), which could releas®mrdien of the fiber resulted from
rotation of the mouse. All photo-stimulation experiments used 5L&8:45 mW, 473 im light pulsesat 20

Hz via a solid-state laser for light delivery (Shanghai Laser & Optics Century, Shanghai, Choeretby

a stimulator (Model 2100, Isolated pulse stimulator, A-M systems).

Real-Time Place Preference (RTPP)

The mice were placed a behavioral arena (50 x 50 x25 cm) for 20 min and assigned one countsxtlala
side of the chambexsthe stimulation side. Mice were placedthe non-stimulation sideat the onset of the
experiment. Laser stimulatiat 20 Hz were constantly delivered with when they crodsetthe stimulation
side, but stopped when they returned b@acikitial non-stimulation side. All behavioral tests were recorded
using an HD digital video camera (Sony, Shanghai, China) and the offline analysep®&révemedby a
video traking software (ANY-mazeStoelting Co, lllinois, USA).

iClass

The behavioral arena (47 x 32 cm) contained a red rectastjle target area for reinforcement, locaited
the center of the open field. The red central rectangle, foopdédrder line with the height of about 1 cm,
is onetenth of the whole arena. During the experiment, the floor of the arena was doyéesh padding,
with the red central area easily seen. The behavior task consisted of three phases (pa@ihghttid test)
and lasted for 5 consecutive days (eiual. 2014. During the pre-phase on day 1 (pre), mice with fiber
patch cord connected were habituatedthe arena without light pulses delivery. The basal locomotor
activities of the mice were recorded and measured. The following light trainingnsessnsisted of three
consecutive days (L1-L3), a@achday mice with fiber patch cord connected wereipdhe arena, and their
activities were monitored for 15 min. When the centrals of the mice were |ogiitéed the marked central
rectangular area, blue light puls®s20 Hz were constantly delivered into the mOT. Light stimulation was

immediately terminated when the centrals of the mice left the red @regéest day (test), the same
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experimental proceduresin day 1 (pre) were performed.

Odor-light Pairing

The pairing procedure was performed for two consecutive days, which wasesks post-surgery and
plate placementOn eachof the pairing days, the mouse was head restrained and attafitecholding and
odorant delivery conditions for 1-2 h. Carvone and geraniol (Sigma, MO, W&¢) randomly deliveretb

the mouss nose(2 s delivery, 30 s inter-stimulus interval trials eachsession for 5 sessions) with 5% of
saturated vapors using a custom 8-channel olfactometer anctdzhlanross mice. Only geraniol was
delivered simultaneously with &, 20 Hz trains of light pulses (473 nm). Control mice were treated
identically. Furthermore, another pair of odors (v/v 5% TMT and sesater) was delivereth the same
way, with TMT asthe paired odor.

In the subsequent receptor blockade experiments, saline{2@Qotal) contained the D1R antagonist
(SCH-23390, 1.0 mg/ml) and D2R antagonist (Raclopride, 1.5 mg&)ocking agent, or saline alone
(200 nL)ascontrol, was administered into the mOT through the cannula 5 min befogepetiz activation
of the VTA-mOT DAergic projection paired with odor stimulation, which were destebabove.

Odor-food reward associative learning

The protocols were adapted frosophie’s study (Tronel and Sara 2002) with some modifications.
Briefly, the investigation time of the mice to the two odors (g#raand carvone) were measured
(odor-preference test), and then mice were fasted 24h pre-training. The training appaatissjuare box
with two sponges which had a hole ofcfn in diameter cut into the center and were placedjlass
side-holders of the same size. Two sponges were randomly taivedl opposite corners of thmx. Food
reinforcement was placeat the bottom of the openinig the sponge. Sponges were impregnated ath
odor on each corner of the sponge. Training was performadsingle session with five trials. The mouse
was introduced into thieox at a corner without a sponge, head toward the wall. The spatial cotibiguod
the sponges was changed between trials and the reinforcemealivags associated with the geraniol. The
constant 593im yellow light were constantly delivered into the mOT once the mouse was irgtbduo

the box and during the training session. After the training was finishedni¢tbewere taken to the
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odorpreference test.

Odor-preference Test

Mice were tested with the two odors (5&amineral oil, v/v), appliedy two glass sticks simultaneoustyp,
their home cages. Home cage testing was chaseninimize potential influencesf stress and anxiety
(because of the new environment/context) on the behavioral measurdsodtend water were removed
from cages just before tests. Tests took place during the light phase of this'd@#2M& h dark/light cycle.
Odors were delivered for 6 mby inserting the odorized sticks from one side of ¢henal’s home cage.
Mice were first habituatetb the odor sticks for 1 min, and the time spent investigating, defissdiffing
within 1 cm of the odor stick, was recordég a single observer blinth the experiment group over a 5 min
period.

Go-no go task

After about 24 h of water deprivation, mice were exposed to these two odors ranboeyiyvere trained to
either lick the water pip& get the rewarda drop of water) when they smelled one odor (defiae&+
odor), or wait without any licking when presented the other odor (dedi®&d odor). After several days of

training, when the accuracy reached above 85%, the mice were ready fer &xperiments. They were

intraperitoneally injected witikNO (3 mg/kg of body weight) and then tested for odor-preference blockade

experiments. Moreovein the following days, the mice were trainedistinguish another pair of odors
using the same principle they learned before, until the accuracy achieved above 85% again.
Sucrose Solution and Food Pellets Consumption
Mice were water deprived for 24 h before plaged chamber (20 x 20 x 22 cm), which was equipped with
a bottle filled with 5% (w/v) sucrose solution. The lick signals were recobged contact lickometer
connected with a Power 1401 data acquisition system.

Mice were food deprived for 24 h before placeda chamber (20 x 20 x 22 cm). Food pellets were
manually deliveredo the chamber floor with only one pellet per time. Videos (10 min per s¢g$8ion an
overhead infrared camera were recorded. The onset of feeding was detesthednouse picked up the

pellet and started chewing.
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Social Interaction

To study the effect of heterosexual interaction, the test male mouse hiasatealin the dark withan
optical fiber connectetb the fiber ferrule on its head for 1 min. A female mouse was intrddunte the
home cage of the test male mouse. A recording session lasted for 10 min beldawier of the test mouse
was videotaped withn overhead infrared cameia. the male-male interaction sessions, a male mouse was
introduced following the same procedure.

Fiber Photometry

The GCaMP fluorescent signals for sucroseuinine solution, food pellets, social interactions and odors
were recorded with the same setup (Fiber photometry, Thinker Nanjing Biotech Limited Co.pgs
previously reportedL| et al.20186.

I mmunohistochemistry

Briefly, 40 um thick coronal slices were obtained and the procedures for immunohistochemistry wer
performed similar to whate did before (Wei et aR015.

To determine the input patterns of the mOT, every sixth sections &\Habeled brain slices were
collected and stained with DAPI. 4 coronal slices from the VTA (AP fathout 3.00 mm to -3.80 mm,
spaced 240um from each other) per mouse were immunohistochemically stained for the tyrosine
hydroxylase (TH, Abcam, Lot#: 2552365).

To deermine thespedficity of ChR2-mCherry expression the VTA of DAT-Cre mice 4 coronal
slices from the VTA (AP from abouB-00mm to -3.80 mm, spaced 24®n from eachother) per mouse (n =
3) were collected and immunohistochemically stained for the TH.

To detect the c-fos expression evoleg optical-manipulation, mice were put an open field and
received laser illumination for 10 min, and were sacrificed 1.5 hours later. Eixémnybrain sections (AP
from about 1.4Gnmto 0.50 mm) from 3 mice were collected and immunohistochemically staineefdsr
(Cell Signaling, #2250).

All of the images were then captured and analyzed with SE&luorescence laser scanning confocal

microscope (Leica) and ImageJ software.
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Data Analyses
For cell counting, the boundarie$ brain regions were delineated manually with Photoshop based on the
Allen Brain Atlas. The labeled neurons were quantified semi-automatically using FIJI arell tbeuater

plugin of ImageJ.

For statistical analysewje first analyzed data from one mouse tbgltrial, then calculated the mean
value and standard errors of one group, then Independent-Sarfdes Were usetb determine statistical
differences between groups usiBBSSversion 13.0). Statistical significance wsetat *** P < 0.001;** P
< 0.01; * P < 0.05. All data values were presergsthean + s.e.m. Graphs were made using SigmaPIlot
(version 10.0).
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Figure legends

Figure 1. Inputs of the mOT. (A) Schemdiiir the tracing experimenRV-dG-GFP was unilaterally injected into the m@T C57BL/6 mice.
The representative coronal brain section showed thetioyesitein the mOT. (B) Magnificatiorof RV-dG-GFPlabeled neurons the mOT.
(C-G) GFP positive cells were widely distributedthe OB (C-E), PCX (F) and VTA (G) witRV retrograde tracindn the OB, the labelecells
were mainly distributedh the mitral cell layers (D), while also sparsely lecHh the external plexiform layer (E, red circles). (HTH was
co-stained withRV-dG-GFPlabeled neuroni the VTA, followedby mOT injection ofRV-dG-GFP.(J) Statistical chart showed that more than

half of the GFP+ neurore-expressTH (n = 3). Nuclei ofall the slices were stained blue with DAPI. Scale B@&um.

Figure 2. Reward increasé@k* signals of VTA-mOT DAergic projection. (A) Schematicthe fiber photometry setujor recording of the
VTA-mOT DAergic projectiorfrom DAT-Cre mice.(B) Raw traces of GCaMP and control GFP fluorescastke mice lick sucrose solution.
AF/F represents change fluorescencdrom the mean level before tagiC) The heatmap illustrate@e?* signal responses of 8 sucrose licking
boutsfrom a representative mouse. Color b#f/F. (D) Responset sucrose solution (leftfpod pellets (middle) and social interaction (right)

for the control and GCaMP6m-expressing mige< 0.05.

Figure 3. Activation of the VTA-mOT DAergic projection produced acplace preference. (A) Schemdtic virus injectionto manipulate the
VTA-mOT DAergic projectionsAAV9-EFla-floxedchR2mCherry or theAAV9-EFla-floxed-mCherry was unilaterally injected into the
VTA of DAT-Cre mice. (B) ChR2-mCherry positive axons were densely distribuethe mOT.(C, D) Co-localization of theTH with
ChR2mCherryin the VTA neurons. (E) Statistical chart showed @lalR2mCherry was relatively restricteéd TH positive neurongn = 3). (F)
Blue light stimulation of the VTA-mOT DAergic projections incregbe cfos expression leveli the OT, NAc, and PCX, while thefos
expression levels the LSX and dSTR had no significant changes (n.s., P > Q@) Optical fibers were implanteid the mOT of control
or ChR2expressing mice. (IJ) Representative real-time place preference (RTPPkstrdlustrated light-evoked behavioral prefererine
ChR2expressing mice (right, n = 7), babt in control mice (left, n = 7). (KEhR2expressingnice showed a significant preferenfo light

stimulation chamber compared with control mic¢he RTPP testP < 0.05,** P < 0.01** P < 0.001. Scale ba200 um.

Figure 4. Activation of the VTA-mOT DAergic projection produced fpasireinforcement. (A) Schematitsr iClass training. Mice exploreid
anopen field containing a rectangtethe center, whicks marked red and 1/16¥ the total area, for five consecutive ddysthe first day (Pre)
and last day (Test) mice received no light stimulation. During thee tbonsecutive training days (L1, L2, L3), light pul&&3 nm) at 20 Hz
were deliveredo activate the VTA-mOT DAergic projection when micereén the rectangle (bottom), and terminated until they tedt
rectangle (Top)(B-D) ChR2mCherry-expressing mid@ = 7) increased entry timgB) and retentior{C, D) for central area when compared
with control mice(n = 7). The dashed line represents the percentage of thednmactangléo the total.*P < 0.05,** P < 0.01;** P < 0.001.
The preference was turneg at the first training day, increased with the tragsections, and maintainéalthe test dayB, C). Learning curves
showed that mice took 3-6 min overcome their instinctive avoidanfte the central arem the first training day (D). The center preference
increased with training time and days. B,Representative iClass tracks illustrated light-evoked centéerpncein ChR2expressing mice

(bottom, F)butnotin the control mice (top, E).
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Figure5. Activation of the VTA (DAergic)-mOT pathway eliciteat alteredodorpreference. (A) The time-courfar optogenetic activation of
the VTA (DAergic)-mOT pathway paired with odor stimulations antftesodorpreference(B) Schematidor the odorlight pairing training.
(C) For a pairof neutral odors which are equivalently samplsdthe naive mice, the percentage of investigation fionehe pairedodor,
geraniol, was significantly higher than the non-paired one, narafter pairing with activation of this pathwgy < 0.05, n = 8). (D) Foan
odor pair with one that is preferred amukthat is aversivéo the naive mice, the percentage of investigation time significantly increasedr

the aversive odor, TMT, equivaletai the previous preferreador, sesame butter after pairing with activation of this path@tBy< 0.05, n = 8).
(E) Schematicfor pretreatment of the D1IR and D2R antagonist (SCH-23390 and raclofmédiele optogenetic activation of the VTA
(DAergic)-mOT pathwaypaired with odor stimulation. (F) The percentage nekstigation timefor the pairedodor, geraniol, was not
significantly changed followed by the antagonist administna{P=0.757, n $6). However, the mice that pretreated with normal saline still

showed significant preferentethe paired odor (*P < 0.05, n=6).

Figure6. VTA DAergic neurons segregatedly innervate ke and the mOT. (A) Schematiior labeling the mOT anblAc co-innervated VTA
neuronsdy dualRV labeling. (B) RV-dG-DsRed andRV-dG-GFPwas injected into the mOT and NAc, respectivéG) The VTA neurons were
labeledby both RV-dG-DsRed andRV-dG-GFP. (D) The magnification of VTA labeled neuroirs C. (E) Theco-labeled rate (1.65%) of the
VTA neuronsby both GFP and dsRed were negligible, which implied ithaty not be commorfor a VTA DAergic neurorio co-innervate the

NAc and the mOT. Scale bar: 20

Figure 7. Inactivation of the mOT-projecting VTA DAergic neurdesreased the odor-cue based reward learning and delamgreference.
(A) The schematic for specifically targeting the mOT-projectingTA DAergic neurons by injecting CAV-CM&re and
AAV -EFla-floxed-hM4Di-mCherry/AAV-EFla-floxed-mCherry inioe mOT and VTA, respectivelyB, C) The mCherry-labeled neuroirs

the VTAin control and hM4Di-expressing mice. (D) The projectitrosn the VTA mCherry-labeled neuroms the OT were mainlyfoundin

the medial part of the OT. (&) Most of the mCherry-labeled neuromsthe VTA were alsaco-expressingTH (90.86%). (G) After the
odorpreferencewas established (left bar pair), inhibition of the mOT-projectifitA DAergic neurons abolished the paired preference
(P=0.214, n = Sor mCherry and 6or hM4Di group, respectively). (H) Inactivation of this pa#yin well-trained mice (left bar paigidn’t
influence the learnGo-no go task performance (middle bar pair; Contgobup,P=0.373; hM4Di group, P=0.312)ut significantly decreased
the performancén learning a new pair of odors with the same paradigm (right bar pair; P¥0-05,for mCherry and Gor hM4Di group,

respectively).

Figure 8. Optogenetic inactivation of VTA-mOT DAergic projections duringefibod associative learning abolished the establishme&t+of
odor preference. (A) The schemafir viral injection and optic fiber implant¢B) eNpHR3.0-mCherry was densely expressethe VTA
neurons(C) Representative coronal sections showed termirgkesgion of eNpHR3.0-mCherry and optic fiber implantthe bilateral mOT.
The borderdor the mOT and lateraDT were indicatedby dark green triangles. Scale bar: 408. (D)The S+ odor preferencean’t be

established aftevdorfood associative learninigy simultaneously light inhibition of the mOT DAergicofectionsfrom the VTA (eachgroupn
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= 6). Scale bart00pm.

Figure supplement legends

Figure 2-figure supplement 1. The VTA-mOT DAergic projectiormgttba higher responge sucrose reward than the bitter quinine solution.
(A) Raw fibre photometry recorded signals of VTA-mOT &#8ic projectionin responsdo sucrose or quinine solution stimu(B) Bitter
quinine solutiorelicited weaker response than the reward one (sucio&)T-Cre mice by using fibre photometry (1.68% =+ 0.1faflsucrose

solution; 0.74% + 0.04%or quinine solution, P<0.001, n5).

Figure 2-figure supplement 2. The mOT neurons are activgtetifferent odor stimulations. (A) Schematic of the fiptetometry recording
from the mOT neurons. (B) Representative traces of GCdlRedcence in responge odor and mineral oil stimulationfer the

GCaMP6m-expressing C57BL/6 mice.

Figure 3-figure supplement 1. Optogenetic activation of \H&-mOT DAergic projections. (A) AAV9-EFla-floxe@hR2mCherry was
injected into the VTA oDAT-Cre or C57BL/6 mice. The mCherry was densely exptEssVTA neurons (bottom)hut was negativeljound
in the VTA of C57BL/6 mice (top)(B) Blue light stimulationat 20 Hz reliably induced action potentials ChR2-expressing neuron&)
Representative coronal sections showed tfas expressiorin the OT in control (top) and the ChR2-mCherry-expressing mice (bottding
yellow boxes represented the location of the optic fibehe mOT. (D) Representativef@s expression patterria the dSTR, LSXNAc and

PCXin the control (top) and thehR2mCherry-expressing mice (bottom). Scale R8O pum.

Figure 7-figure supplement 1. Only a small portion of the VTA Aeneurons were labeldyy CAV-CMV-Cre. (A) The representative coronal
bran sedion showed the TH and @herry co-expression in the VTA nens ater CAV-CMV-Cre and AA/9-EFla-floxed-nCherry inected
into the mOT and VTA respectivel{B) The mCherry-positive cells only accodat a small portion (37.286) of the whole population of VTA

DAergic neurons. Scale b&00um.

Video legends

Video 1. Pre-phase (pre) of iClass task afR2expressing mouse. The fiber patch cord was connéctat light was delivered.

Video 2. The first light-training session (L1) of iClass task of the CleR@essing mouse. When the central of the animal veasdd within the
marked central rectangular area,@/ blue light pulsesit 20 Hz were constantly delivered into the mOT.

Video 3. The second light-training session (L2) of iClas tafsthe ChR2expressing mouse. When the central of the animal was lowé#ted

the marked central rectangular areap blue light pulsesit 20 Hz were constantly delivered into the mOT.

Video 4. The third light-training session (L3) of iClass task of @&R2 expressing mouse. When the central of the aninsalogated within
the marked central rectangular areap blue light pulsesit20Hz were constantly delivered into the mOT.

Video 5. The test day (test) of iClass task of the ChR2 expressing mouse. @hpdibh cord was connected hatlight was delivered.
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Video 6. Odor-preference test after odor-light pairing @l#R2expressing mouse.

Source data file information

Figure 1-Source Data 1: statistical resulRMinfected neurons the VTA that co-stained with tyrosine hydroxylase (TH).

Figure 2-Source Data : 1fiber photometry recordingaF/F value to sucrose solutiofpod pellets and social interacticior the
control and

GCaMP6m-expressing mice.

Figure 3-Source Data 1: statistical result of c-fos positive gelthe OT, NAc, LSX, dSTR and PCX after blue light stiation of the
VTA-mOT

DAergic projections.

Figure 3-Source Data 2: statistical result of the time percesfsg# in the stimulated sidte RTPPfor the control andChR2expressing mice.

Figure 4-Source Data 1: statistical result of center entriepencéntage of center durationiClass trainingor the control andChR2expressing
mice.

Figure 5-Source Data 1: statistical result of percentage of ingistigtime for TMT after odor-light pairindpr the ChR2expressing
mice and

percentage of investigation tinfiar geraniol afteD1 andD2 dopamine receptor antagonist administraiiothe mOT.

Figure 7-Source Data 1: statistical resultodbrpreference test after inhibition of the mOT-projecting VIDAergic neurons, accuracy of
Go-no go

learningfor hM4Di and control groups well-trained mice.

Figure 8-Source Data 1: statistical result of the odor-prefetestatfter light inhibition of the mOT DAergic proj@nsfrom the VTA.
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