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1. Introduction

1. Introduction

1.1 Dopamineand reward

For better and for worse dopamine (DA) has been linked to reward.

In the late 70's, Wise (1980) proposed DA as the substrate of all rewards, either conventional
(food, water, sex), pharmacological (drugs of abuse) and physical (intracranial self-stimulation).
This anhedonia hypothesis was soon contrasted by hypotheses assigning to DA an incentive-
motivational (Berridge and Robinson, 1998) and / or an activational role (Salamone, 1992) but
negating a hedonic role. However, an incentive-motivational role of DA is not incompatible a priori
with a hedonic role. Thus, Wise himself revised his original anhedonia hypothesis and extended the
role of DA to that of a substrate of the hedonic properties of incentive stimuli (Wise, 1980).
According to this proposal, DA mediates not only the pleasurable properties of primary rewards but
also of stimuli (incentives) that derive their motivational properties from having been conditioned to
rewards (Wise, 1980). Although this proposal has not given much attention in the past, the idea of
DA as a mediator of the pleasurable properties of conditioned incentive-motivational stimuli has
been revived in the hypothesis of a role of nucleus accumbens (NAc) shell DA in hedonia
associated to incentive arousal, the state induced by incentive stimuli (Di Chiara, 2002). Incentive
arousal can be regarded as a state of heightened mood (high, euphoria) by which incentives energize
behavior, thus promoting the search, pursuit and approach of rewards. Theories negating a role of
DA in hedonia fail to account for the pleasurable, hedonic and ultimately reinforcing properties of
psychostimulants like amphetamine and cocaine. In fact, these drugs provide a unique model of the
incentive arousal state and of its hedonic quality. If incentive arousal, including its hedonic quality,
is equated to euphoria, evidence for the above proposal is provided in humans by PET studies
showing that the intensity of euphoria induced by amphetamine is related to reduction of C11-
raclopride binding potential in the ventral striatum (Drevets et al, 2001). The hypothesis of a role of
DA in state hedonia is not excluded by and can coexist with incamiitigational hypotheses
excluding a role of DA in hedonia. Indeed, these hypotheses refer to a kind of pleasurable stimuli
quite distinct from those that induce incentive arousal and state hedonia and that belong to different
aspects of motivated behavior. Thus, state hedonia takes place during the preparatory/appetitive
phase of motivated behavior and is elicited by distal stimuli, i.e., stimuli that do not involve contact
with the subject (olfactory, auditory, visual, ultrasonic stimuli). Appetitive hedonia and incentive
hedonia are synonymous of state hedonia. On the other hand, sensory hedonia takes place during
the consummatory phase of motivated behavior and is elicited by proximal stimuli, i.e., stimuli that

involve direct contact with the subject (gustatory, tactile, proprioceptive). Consummatory hedonia is
1



1. Introduction

synonymous of sensory hedonia. The above proposal, by envisioning a strict relationship between
DA and incentive-motivation, might seem just analogous to incentive-motivational theories of the
role of DA in behavior. This however would be erroneous. Thus, while attributing to DA a role in
providing incentive value for conditioned stimuli, those theories do exclude a role of DA in
stimulus valence. Depending on its sign, positive or negative, stimulus valence determines the
direction of the incentive response. Thus, while positive incentives determine approach, negative
incentives elicit avoidance. In our proposal, DA, released in the ventral striatum/ NAc shell by
incentives, adds a positive valence to the motivational properties of stimuli, thus promoting
approach towards the stimulus. DA might also be involved in the incentive value of stimuli,
although this is not the original aspect of our hypothesis. In this case, both properties of@ncentiv
stimuli, hedonic valence and incentive value, might be inextricably linked by their dependence on
DA. Indeed, a tight association between hedonic and motivational aspects of incentive stimuli
corresponds to early formulations of incentive-motivational theories (Bindra, 1974). A dissociation
between these aspects has been advanced by later theories (Berridge and Robinson, 1998).
However, in these theories, hedonic properties were envisioned as belonging to consummatory
stimuli and not to incentive ones.

The assignment of DA-dependent hedonic properties to incentive stimuli and its proposed
relationship with mood state allows translation into clinically relevant issues. Thus, according to
this framework, anhedonia refers to a mood state ultimately related to a reduction of the tone of DA
transmission in the shell of the NAc. This makes the term anhedonia, as derived from animal
studies, homologous to the same term utilized in the context of mood disorders. This meaning, in
turn, is quite different from that attributed to it by Wise (1980), both in the original and in the
revised anhedonia hypothesis, where no distinction between incentive and consummatory hedonia

had been made.

1.2 Dopaminetransmission and behavior

DA acts via G-protein-coupled receptors in a typical neuromodulatory fashion (Greengard,
2001). DA release sites are placed immediately outside the synaptic cleft (Sesack et al, 2003). Once
released, DA diffuses in the extracellular fluid, from which it is slowly cleared as a result of
reuptake and metabolism (Venton et al, 2004). DA does not directly affect the conductance of
receptive membranes but modifies their response to afferent input (O’Donnel, 2003). These three
aspects (extrasynaptic release, G-protein-coupled receptor signal transduction and a modulatory
mechanism) contribute to a basic feature of DA transmission; that is, the long delay occurring

between stimulus-bound activity (burst firing) and functional changes in the receptive elements. It
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1. Introduction

has been estimated that, following electrical stimulation of DA neurons, a change in activity is
recorded in striatal neurons after a delay of approximately 300 ms (Gonon, 1997). Although burst
firing of DA neurons occurs in response to motivationally relevant stimuli (Schultz, 2002), it is
unlikely that these phasic DA signals influence, to any significant extent, the behavioral response
(mediated by fast transmitting pathways) to the same stimulus that triggered them. Thus, a more
realistic view of the role of DA in responding involves DA as a delayed amplifier of responding,
affecting the behavioral impact of stimuli that follow the one that triggered its release. Recent fast-
scan cyclic voltammetry studies support this contention. Thus, in rats responding for sucrose
(Roitman et al, 2004) or intravenous cocaine (Phillips et al, 2003), the largest DA transient recorded
in the nucleus accumbens (NAc) core peaked either at the start (sucrose) of the respebse or 1
thereafter (cocaine). Therefore, rather than being ‘in series’ between stimuli and responses, DA

should be envisioned in parallel with stimuli, modulating their ability to elicit a response (Di
Chiara, 2002).

1.3 In vivo monitoring of dopamine transmission

DA function can be monitored by extracellular recording of the firing activity of DA
neurons (Schultz, 2002) and by estimating the extracellular concentrations of DA by microdialysis
(Volkow et al, 2003; Chang and Haning, 2006), voltammetry (Robinson et al, 2003) and brain
imaging (i.e. positron emission tomography [PET]) (Volkow et al, 2003; Chang and Haning, 2006).
Each of these methods has different time frames: milliseconds for extracellular recordings, seconds
for voltammetry, and minutes for microdialysis and PET. These different methods do not
necessarily estimate the same aspect of the function of DA. It has been proposed that DA operates
in different modalities depending upon the time-scale of its action (Grace, 2000; Lavin et al, 2005).
Thus, a phasic modality, operating in a time-frame of hundreds of milliseconds and related to
release of DA by a burst of spikes onto low affinity DA receptors, has been distinguished from a
tonic modality, operating in a circadian time-frame and related to the basal steady-state
concentration of DA in the extracellular compartment arising from the dilution and diffusion of
released DA. The phasic modality corresponds to DA transients estimated by voltammetry, the
tonic modality to basal DA concentrations estimated by microdialysis (Grace, 2000). This
dichotomous categorization, however, is insufficient to describe the changes in the minute time-
frame observed by microdialysis and PET in response to reward-related stimuli. Therefore, a more
comprehensive model envisions the existence of multiple time-related modalities of DA
transmission that depend upon the number of bursts fired by specific pools of DA neurons (Sesack
et al, 2003).
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Microdialysis studies in the rat have shown that appetitive taste stimuli release DA in the NAc shell
and core, as well as in the prefrontal cortex (PFCX) (Bassareo and Di Chiara, 1997; Hajnal et al,
2004). NAc shell DA responsiveness shows some differences to that of the NAc core and PFCX, as
it is dependent upon the hedonic valence (appetitive or aversive) (Bassareo et al, 2002) and relative
novelty of taste stimuli (Bassareo and Di Chiara, 1997; Bassareo et al, 2002; Bassareo and Di
Chiara, 1999a). Thus, NAc shell DA release is stimulated by unfamiliar appetitive tastes, but is
unaffected or even decreased by aversive tastes (Bassareo et al, 2002). NAc shell DA
responsiveness habituates after a single exposure to palatable food in a taste-specific manner
(Bassareo and Di Chiara, 1997; Bassareo et al, 2002; Bassareo and Di Chiara 1999b). By contrast,
taste stimuli release DA in the NAc core and in the PFCX independently of their positive or
negative hedonic valence, and do not show single-trial habituation (Bassareo and Di Chiara, 1997;
Bassareo et al, 2002). Mild food deprivation is sufficient to impair habituation of NAc shell DA
responsiveness to palatable food (Bassareo and Di Chiara, 1999b); this could account for the failure
of DA neurons to undergo habituation in food- restricted monkeys (Schultz, 2002). Habituation of
the DA response to intraoral sweet chocolate is not associated with reduction in hedonic taste
reactions (Bassareo et al, 2002). This indicates that habituation is unrelated to satiety-induced
hedonic devaluation and, in turn, that hedonic taste reactions are independent of NAc shell DA.
Accordingly, DA release in the NAc shell is not the cause, but the consequence, of food reward.
The adaptive properties of the responsiveness of NAc shell DA to taste stimuli (one-trial
habituation) are consistent with a role in associative learning (Bassareo and Di Chiara, 1997).
Consistent with this suggestion, intra-NAc shell infusion of D1 receptor antagonists impairs
acquisition of conditioned taste aversion, whereas systemic amphetamine facilitates this process by
an action in the NAc shell (Fenu et al, 2001; Fenu and Di Chiara, 2003). Therefore, release of DA
in the NAc shell following food intake might serve to associate the taste properties of food to its

post-ingestive consequences (Fenu et al, 2001).

1.4 Nucleus Accumbens

The last quarter of the past century has seen a renewed interest in brain areas that belong to
what we like to refer to as ‘the basement of the brain’. These ventrally and medially located areas
include the ventral striatum and in particular the shell of the nucleus accumbens septi (NAc), as
well as a number of nuclei that are part of the archistriatum (Alheid and Heimer, 1988; Heimer et al,
1991; Heimer and Wilson, 1975). Because of their strong homologies and reciprocal connections,
these areas have been grouped into a complex, the extended amygdala, that includes the central

amygdala, bed nucleus of stria terminalis, sublenticular substantia innnominata and intercalated
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grey masses (Alheid and Heimer, 1988; Heimer et al, 1991).

This nuclear complex corresponds to the oldest and most mysterious part of the forebrain,
the one that, in contrast to the upper and more recent domains, has not undergone any major change
throughout evolution. Also like any basement, the NAc shell/extended amygdala complex is full of
those good-oldhings that are kept, ‘just in case’ and turn out to be essential in exceptional,
unpredictable circumstances. In the basement of the brain this dismissed merchandise corresponds
to behavioral functions and response sets essential for the survival of the self and of the species.
These functions can be groupadlectively under the heading of ‘motivation’, which refers to the
ability, unique to living organisms, to respond to stimuli in relation to their individual needs and
with the ultimate goal of the survival of their own species.

The NAc is a heterogeneous structure. Its ventro-medial portion, the shell has been regarded
as a transition area to the Extended Amygdala (Heimer et al.,1991; Jongen-Relo et al.,1994; Heimer
et al.,1997), while the dorso-lateral portion, the core, is considered as an extension of the Caudate-
Putamen and to subserve a motor function (Stolerman, 1992; Alheid e Heimer,1988; Zahm e Brog,
1992; Groenewegen and Russchen, 1989; Voorn et al., 1989; Heimer et al., 1991 ). The NAc has
been suggested to provide an interface between limbic and motor functions ( Mogenson et al., 1980;
Mogenson & Yang, 1991 ) and to be involved in several aspects of behavior such as motivation,
reward, water and food intake, sexual behavior and to play an important role in drug dependence
(Wise, 1987; Alexander & Crutcher, 1990; Alheid et al., 1990, Smith and Bolam, 1990, Di Chiara,
2002; Di Chiara et al., 2004; Di Chiara & Bassareo, 2007; Anselme, 2009). The shell of the NAc
has been attributed a role in the acquisition and expression of incentive motivation while the core
compartment is involved mainly in the motor expression of motivated behaviour (Zahm & Brog,
1992; Bassareo & Di Chiara, 1999; Berridge and Robinson, 1998, Brauer et &)., 2000

1.5 Medial Prefrontal Cortex

The prefrontal cortex (PFCX) can be distinguished into three main regions: the dorsolateral
(Brodman areas 9 and 46), the inferior ventral (areas 11, 12, 13 andalgb known as
orbitofrontal cortex) and the medial portion (mMPFCX) , distinguished into a dorsal, prelimbic, and a
ventral, infralimbic, area.

Each subarea of the mPFCX has distinct afferent and efferent connections. This anatomic
heterogeneity reflects the different function such as planning of voluntary action, arousal and
attention, temporal sequencing of actions, planning of forthcoming behaviour based on previously

acquired information, response selection and response inhibition (Pinel, 2000; Tzschentke, 2001,
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Curtis and D’Esposito, 2003; Kolb and Whishaw, 2003; Ramnani and Owen, 2004; Surmeier,
2007).

Basal extracellular and tissue levels of DA in the mPFCX are low, due to the fact that in this
area the DAergic innervation is less dense in respect to other DAergic areas like NAc.

The mesocortical DAergic system is particularly responsive to stress, both acute and
chronic, as compared to the other DAergic systems (Thierry et al., 1976; Blanc et al., 1980; Deutch
et al., 1985; Jedema and Moghaddam, 1994; Cuadra et al., 1999; Bassareo et al, 2002). DA in the
PFCX is responsive to salient stimuli, such as novelty, food and food conditioned stimuli (Feenstra
and Botterblom, 1996; Bassareo and Di Chiara, 1997; Bassareo et al., 2002; 2007).
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2. Aims

Microdialysis, voltammetry and electrophysiological studies have shown that NAc shell DA
and DA neurons projecting to the shell are preferentially activated by drugs of abuse after response
non-contingent (passive) as well as response-contingent exposure ( Pontieri et al. 1995, 1996;
Tanda et al. 1997; Aragona et al., 2008; Lecca et al, 2006a; 2006b; 2006c; 2007a; 2007b). Feeding
after non-contingent presentation of palatable food stimulates in vivo DA transmission in the NAc
shell and core and in the medial prefrontal cortex (PFCX). This response, however, undergoes
habituation after a single trial specifically in the shell (Bassareo and Di Chiara, 1997; 1999a; 1999b;
Bassareo et al., 2003; Gambarana et al, 2003; Rada et al, 2005; Danielli et al, 2009). Habituation
lasts for at least 24 hours and fully recovers within 5 days (Bassareo and Di Chiara, 1997). In
contrast to the shell, NAc core DA transmission is potentiated by non-contingent single-trial
exposure to palatable food (Bassareo and Di Chiara, 1997), consistently with the notion that DA
plays different functions in the two NAc subdivisions.

Habituation of in vivo stimulation of DA transmission in the NAc shell by palatable food
has been interpreted to indicate that NAc shell DA plays a role in the learning process by which
pavlovian stimuli acquire the ability to act as conditioned incentives thus promoting approach to
rewards and reward-predicting stimuli and strengthening instrumental responding (pavlovian to
instrumental transfer).

In contrast to palatable food, drugs of abuse do not induce habituation of the responsiveness
of NAc shell DA transmission after repeated non-contingent as well as contingent exposure
(Bassareo et al, 2003; Cadoni and Di Chiara, 1999; Lecca et al, 2006a; 2006b; 2006c; 2007a;
2007b). Thus, given the role assigned to NAc shell DA in incentive learning, it has been speculated
that the failure of NAc shell DA transmission to habituate after repeated exposure might abnormally
strengthen learning of drug-conditioned incentives, thus contributing to the dependence liability of
drugs of abuse.

Further studies from our laboratory have shown that response contingency drastically
affects the responsiveness of DA transmission in the two subdivisions of the NAc under repeated
drug exposure. Thus, while repeated non-contingent exposure to heroin and cocaine reduces the DA
responsiveness in the NAc shell DA and sensitizes it in the core, response-contingent exposure to
heroin and cocaine does not change the preferential pattern of response in the shell observed after
acute drug exposure (Cadoni and Di Chiara, 1999; Lecca et al, 2006a; 2006b; 2006c; 2007a;
2007Db).

As far as food is concerned, although various studies are available comparing shell versus

core DA transmission during operant and free food consumption, none has directly tested this issue.
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Microdialysis studies either did not find differences between shell and core in the changes of DA
during responding for food (Ostlund et al, 2011; Chen and Feenstra, 2006) or the differences
obtained did not occur during responding but after it (Sokolowsky et al, 1999). It has been even
reported that no changes in dialysate DA take place in the NAc shell and core of rats ngsfoondi

food on a FR1 schedule (Segovia et al, 2011). As far as voltammetric studies are concerned two
problems arise. The first problem is the difficulty of comparing voltammetric and microdialysis
studies due to basic differences in the aspects of DA transmission estimated by the two
methodologies. It has been suggested that while microdialysis estimates the tonic mode of DA
transmission, related to single spike firing, voltammetry estimates its phasic modality, resulting
from burst firing (Grace, 2000). We rather believe that both microdialysis and voltammetry estimate
extracellular DA mainly arising from burst firing their differences being related to the fact that
while microdialysis averages phasic DA changes over a time frame of minutes and expresses them
in relation to (as % of) absolute basal values, voltammetry estimates phasic changes from a zero
baseline over a subsecond (100ms) time frame. The second problem is related to the large
discrepancies between existing studies. For example, Cacciapaglia et al (2012) reported that
presentation of visual-auditory cues signaling reward availability elicits a phasic increase of
extracellular DA in the NAc shell and core that fades within 2 seconds, when the lever is extended
into the chamber and response is emitted to obtain the reward. This cue-related response is larger in
the NAc shell than in the core and is followed by a second response that takes place immediately
after lever extension and selectively in the NAc shell DA. This second component of the DA
change is lower and slower and coincides with sucrose reward, extending in some rats over 10 sec
after cue presentation. Quite in contrast with the above study, Brown et al (2011) observed phasic
activation of DA in the NAc core but no change in the shell in relation to the presentation of
discriminative cues signalling food availability. In turn while Brown et al (2011) report an increase
of phasic DA in the NAc core but not in the shell in response to food, Roitman et al (2008) and
Wheeler et al (2011) found just the opposite.

Given these large discrepancies of the literature, we intended to re-examine in our laboratory
the responsiveness of DA transmission in various DA terminal areas to responding for sucrose.
Therefore, we monitored by microdialysis the changes in dialysate DA in the NAc shell and core
and medial prefrontal cortex (MPFCX) of rats trained to respond for sucrose on two different fixed-
ratio schedules (FR1 and FR5) and tested during responding for sucrose, response non-contingent
sucrose presentation and under extinction conditions, i.e. in the presence of all the stimuli generated
during the operant sessions, except for sucrose.

To this end rats were trained to self-administer sucrose pellets and dialysate DA was

8
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monitored in the NAc shell, core and mPFCX in different groups of rats under three different
conditions: response-contingent (active) presentation of sucrose; extinction in the presence of
discriminative cues associated to sucrose availability; response non-contingent presentation of
sucrose. Different groups of rats were trained on FR1 and FR5 schedule respectively and after full
training DA was monitored in the NAc shell, core and mPFCX every day for three days under the
above conditions. In another series of rats DA was monitored for two weeks in the NAc shell and
core during acquisition of responding for sucrose and on the last three days they were tested under

responding for sucrose, extinction and passive sucrose presentation.



3. Materials & Methods

3. Materials & Methods

3.1 Subjects

Male Sprague-Dawley rats (250-275 g, Harlan, Udine, Italy) were housed in groups of six in
Plexiglas cages, under constant temperature (23 C°) and humidity (60%) and al12 h light/dark cycl
(light from 8 a.m. to 8 p.m.), with standard food (MIL topi e ratti, GLP diets, Stefano Morini, S.
Polo D'Enza, RE, Italy) and water ad libitum.

All experiments were conducted in accordance with the guidelines for care and use of
experimental animals of the European Economic Commission (EEC Council 86/609; DL:
27.01.1992, N° 116) and with th€uidelines for the Care and Use of Mammals in Neuroscience
and Behavioral Research” (National Research Council 2003).

3.2 Surgery

Rats were anaesthetized with 400 mg/Kg i.p. of chloral hydrate (Carlo Erba, Milano, Italy).
A guide cannula (Fig. 1) (Plasticone, Roanoke, VA, USA) was stereotaxically implanted under the
following coordinates: NAc shell (A: 2.0; L: 1 from bregma, V: -3.6 from dura), NAc core (A:
1.6.0; L: 1.9 from bregma, V: -3.4 from dura), mPFQX 3.7; L: 0.8 from bregma; V: -2.0 from
dura), according to the atlas of Paxinos & Watson (1998). Guide cannulae were plugged with a
dummy cannula.

After surgery, rats were housed in individual cages (45x21x24 cm) under the same
conditions mentioned above. Rats were left to recover for 10 days and during the first 5 days were
administered with Gentamicin sulphate (40 mg/Kg s.c.). Rats were manipulated once a day for 5
minutes during the whole training period.

After recovery rats were fed with 159 of standard food (MIL topi e ratti, GLP diets, Stefano
Morini, S. Polo D'Enza, RE, Italy) in order to keep their weight around 90% of their ad libitum

weight. Water was ad libitum for the whole duration of the experiments.

A B 63

Figure 1: A) guide cannula, B) push-pull, C) dummy-cannula
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3. Materials & Methods

3.3 Microdialysis

3.3.1 Probe construction

Microdialysis probes were prepared according to the method described by Lecca et al. (2006
a and b) using a membrane (AN 69, Hospal Dasco, Italy) made-up of a sodium-meta-allyl-sulfonate
acrylic copolymer, with an external diameter of 310 um and an internal diameter of 220 pum.

For each experimealtsession a new probe was insertedd the guide cannula.

i

Figure 2: chronic microdialysis probe.

3.3.2 Microdialysis experiments

At the beginning of each microdialysis session, the microdialysis probes were connected to
an infusion pump and perfused with a Ringer's solution (147 mM NaCl, 4 mM KCI, 2.2 mM) CacCl
at a constant rate of 1 pl/min and were inserted through the guide cannula in the animal brain.
Dialysate samples (5 pl) were taken and analysed every 5 min and were injected without
purification into a high-performance liquid chromatograph (HPLC) equipped with a reverse phase
column (LC-18 DB, 15 cm, 5 um particle size, Supelco) and a coulometric detector (ESA,
Coulochem I, Bedford, MA) to quantify DA. The first electrode of the detector was set at + 125
mV (oxidation) and the second at - 175 mV (reduction). The composition of the mobile phase was:
50 mM NaHPGO;, 0.1 mM Na-EDTA, 0.5 mM n-octyl sodium sulfate, 15% (v/v) methanol, pH 5.5
(obtained adding N&IPQy). With these conditions the sensitivity of the assay for DA was 5

fmoledsample.

3.4 Sucrose

Sucrose pellets of 45 mg each were utilized during the sessions (Test Diet, 1050 Progress
Drive Richmond, IN 47374).

11
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A B C
Figure 3: Sucrose pelletsTést Diet, 1050 Progress Drive Richmond, IN 47374)

3.5 Passive sucr ose pellet presentation

In order to investigate if repeated feeding of sucrose induces habituation of feeding-induced
increase of dialysate DA in the NAc shell, rats naive to sucrose and implanted with microdialysis
probes were placed in the Skinner boxes and dialysate samples were taken every 5 min. After
stabilization of basal dialysate DA, 40 sucrose pellets were delivered in the food dispeler

min. The test was repeated two more times on each of the next two days.

3.6 Operant training

After ten days of recovery from surgery, each one of the groups of rats implanted in the NAc
shell, core and mMPFCX was divided into two groups and one group was trained daily, except
weekends, on FR1 for two weeks and the other on FR1 on the first week, on FR3 on the second and
on FR5 on the third.

Sessions lasted one hour and took place between 9 and 14 a.m. in acoustically isolated and
ventilated operant cages (Coulbourn Instruments, Allentown, NJ USA).

The two nose-pokes holes were placed on one wath #om the cage’s floor. The active
nose-poke was illuminated with a green-yellow light while the inactive one was illuminated by a
red light.

Between the two nose-pokes holes was placed the food dispenser. In the same wall was
placed a loud-speaker producing a tone with a frequency of 4500Hz.

The number of nose-pokes made and of rewards earned were recorded by Graphic State 2
software, Coulbourn Instruments, USA.

Each one hour session was composed by a cyclic alternation of 3 phases:

12



3. Materials & Methods

1) Phase 1, lasting 15 s during which the house light and the nose poke lights were turned on
and a tone was activated to signal reward availability. Animals could obtain the reward only by
nose-poking in the active hole. Failure to respond correctly resulted in the switch off of visual and
auditory cues and switch to phase 3 without going into phase 2.

2) Phase 2: a sucrose pellet was dropped into the food dispenser and after 5 s the next phase
was initiated.

3) Phase 3: all cues were turned off and reward was not available for a fixed interval of 7 sec
in the case of the FR1 schedule and for a variable interval (random, with a mean of 7s) in the case
of FR5.

3.7 Microdialysisin trained rats

After completion of the operant training, all rats were tested on three microdialysis
experiments performed one on each day, on three consecutive days.

The three microdialysis experiments consisted of

1) a session of responding for sucrose under the same schedule and conditions under which
the rats had been trained

2) asession of responding under extinction using the same schedule utilized for training

3) a session of passive presentation of sucrose pellets throughout the food dispenser at the
same mean rate at which rats earn them during the operant sessions but in the absence of the

discriminative cues signalling sucrose availability.

3.8 Microdialysisduring training on FR1 responding for sucrose

In a separate group of rats dialysate DA was monitored within subjects during training of
FR1 responding for sucrose. After recovery from surgery, animals started the sucrose self-
administration training, under the same conditions described above. Microdialysis was monitored
during responding for sucrose, every two days and for two weeks, apart from weekends, for a total
of 10 sessions. Starting on the first day of the third week three different microdialysis experiments
were performed on three consecutive days, one on each day, under responding for sucrose, under

extinction and under non-contingent sucrose presentation.

3.9 Histology

At the end of the experiment, probes were removed and animals were anaesthetized with

400 mg/Kg i.p. of chloral hydrate and then their brain was removed. The brains were kept in a 4%

13
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formaldehyde solution for at least one week and successively they were cut on a vibratomle in seria
coronal slices oriented according to the atlas of Paxinos & Watson (1998). The location of the
probes was reconstructed and referred to the atlas of Paxinos & Watson (1998) (Fig. 4).

Figure 4. Schematic drawing of the localization of dialysis probes (dialysis portion) in the PFCX,
NAc shell and core compartments (PFCX, Prefrontal Cortex; Co, NAc core; Sh, NAc shell
Reconstructed from Paxinos & Watson, 2007)

3.10 Statistics

Statistical analysis was carried out by Statistica for Windows. Depending on the experiments, data
were analysed by one-, two- or three-way ANOVA. Results from treatments showing significant
overall changes were subjected to post hoc Tukey’s test; p<0.05 was taken as significant. Basal

values were the means of three consecutive samples differing by no more than 10%. Microdialysis
data were expressed as percentage of basal values. Regression analysis of the relationship betweel
DA levels in the NAc shell and core and PFCX and nose poking activity was performed using
GraphPad Prism version 5.00 for Windows (GraphPad Software, CA, USA).
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4. Results

4. Results

4.1 Habituation of NAc shell dopamineto sucrose feeding

Habituation of DA responsiveness to feeding of palatable foods has been shown by us for a
salty food like (Fonzies®) as well as for a sweet food (Kinder®) (Bassareo et al. 1997, Bassareo
and Di Chiara 1999b). In order to establish if habituation also applies to sucrose, dialysate DA was
monitored every day for three days during feeding of experimenter-administered sucrose pellets in
rats that had never been previously exposed to sucrose.

Figure 5 shows the time-course of dialysate DA in the NAc shell on three successive daily
sucrose-feeding trials.

Two-way ANOVA showed an effect of day {=17.28; p<0.01), time (15612.64;
p<0.01) and a day x time interaction, {Ils¢=5.44; p<=0.0). Tukey’s test showed that DA

increased DA only on the first day.

200- O 1stday N=6
« - 2nd day N=5
* -+ 3rdday N=5
< 1507
a
©
% 100+
o]
Y
(o]
o
S 50
0 T T T T T T 1

-5 0 5 10 15 20 25 30 35 40 45 50 55 6
time (min)

Figure5: Time-course of dialysate DA in the NAc shell during passive sucrose pellet feeding.
Basal values of NAc shell DA (meafSEM) were 2#3 fmoles (N=16).

Data are means+=SEM of the results obtained in 16 rats.

Filled symbols: p<0.05 vs basal values;

*: p<0.05 vs the %' day:;

x: p<0.05 vs the'3day.
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4.2 Monitoring dialysate dopaminein rats trained on FR1 and FR5 responding

for sucrose

4.2.1 Ratstrained on FR1
4.2.1.1 Acquisition of FR1 responding for sucrose

Figure 6 shows the average number of cumulative active and inactive nose pokes performed
by rats during training of FR1 responding for sucrose. Active responding reached the asymptote on
the 7" day in the three groups, indicative of full training.

Three way ANOVA showed a main effect of nose-poke (active versus passivey 833,90;
p<0.01), area (F3s= 8,98; p<0.01) and day {4+=30,07; p<0.01) and an interaction of nose-poke x
area (lz35=10.35; p<0.01) and nose-poke x day{f=26.26; p<0.01).

Post hoc test showed a higher number of active nose pokes during training in rats implanted in the

mPFCX compared to rats implanted in the shell and in the core that in turn were not different.
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Figure 6: Cumulative active (squares) and inactive (triangles) nose-pokes during the sucrose SA
training period (FR 1 schedule).

Data are means=SEM of the results obtained in 9 rats for NAc shell, 12 rats for NAc comaend 7
for mPFCX.

Filled symbols, p<0.05 vs''day;

* p<0.05 vs inactive nose pokes;

X, p<0.05 vs active nose pokes shell group;

+, p<0.05 vs active nose pokes core group.
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4.2.2 NAc shell and core dopamine microdialysisin ratstrained on FR1

4.2.2.1 Responding for sucrose

Figure 7 (A) shows the time-course of dialysate DA in the NAc shell and core and of active

nose-pokes during FR1 responding for sucrose.

Two-way ANOVA showed an effect of area; (l&=15.83; p<0.01), time @r0s=7.77; p<0.01) and

an area x time interaction dlpg=4.79; p<=0.01). Post-hoc test showed an increase of dialysate DA
in the NAc shell but not in the core.

Active nose-pokes were high for 30 min.

As shown in figure 8, a significant correlation between percent of DA levels and nose
poking with r=0.53 and a significant slofe<0.01) was obtained in the NAc shell but not in the
NAc core (r=0.12; slope: p=0.17 N.S.). The two slopes are statistically difféfemnis=20.63,
p<0.0001).

4.2.2.2 Responding under extinction

Figure 7 (B) shows the time-course of dialysate DA in the NAc shell and core and of active

nose-pokes under extinction in the presence of cues signalling sucrose availability.

Two-way ANOVA showed an effect of area; (7=8.46; p=0.011), time @s+~11.29; p<0.01) and

an interaction area x time {=9.75; p<0.01). Post-hoc test showed that DA increased in the NAc
shell but not in the core.

As shown in figure 9, a significant correlation between percent of DA levels and nose
poking with r=0.51 and a significant slofe<0.01) was obtained in the NAc shell, but not in the
NAc core (r=0.18; slope: p=0.052 N.S.). The two slopes are statistically diffgrent=20.75,
p<0.0001).

4.2.2.3 Response to non-contingent sucr ose feeding

Figure 7 (C) shows the time-course of DA in the NAc shell and core during non-contingent
sucrose presentation and feeding. Bars show the number of pellets presented every 5 minutes.
Two-way ANOVA showed an effect of area; @4.46; p<0.01), time (§%s=10.61; p<0.01) and an
interaction area x time §ks=2.0; p<0.01).Post-hoc test showed an increase of DA both in the shell
and in the core.
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Figure 7: Time-course of dialysate DA in the NAc shell (circles) and core (squares) and active
nose pokes or pellets (bars, means of shell and core group or number of pellets presented every 5
min) under FR1 responding for sucrose (A), extinction (B) and non-contingent sucrose pellet
presentation {C).Group dialysed after FR1 training.

Basal values of DA (fmoles mear8EM) NAc shell 253 (N=20), core 264 (N=26).

Data are means+SEM. of the results obtained in the number of rats indicated in the figure.

Filled symbols: p<0.05 vs basal values;

*: p<0.05 vs values obtained in the core.
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Figure 8: Regression analysis of the relationship between DA levels in the NAc shell and nose
poking activity during FR1 responding for sucrose. Group dialysed after FR1 training.

Graph shows the correlation between the DA output in the NAc shell (N=9) §Y-@xil nose poking (X-
axis) during FR1 sucrose feeding. Data are expressed as percent of DA Uevegstlte 60-min period of
microdialysis; nose poking is expressed as number of active nose pokes performed during the session.
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Figure 9: Regression analysis of the relationship between DA levels in the NAc shell and nose
poking activity during extinction. Group dialysed after FR1 training.

Graph shows the correlation between the DA output in the NAc shell (N=&%i§y and nose poking (X-
axis) during extinction. Data are expressed as percent of DA levels duringOthen 6period of
microdialysis; hose poking is expressed as number of active nose pokes performed during the session

4.2.3 mPFCX dopamine microdialysisin ratstrained on FR1

4.2.3.1 Responding for sucrose
Figure 10 (A) shows the time course of DA in the mPFCX during sucrose pellets self-
administration under FR1 schedule and relative nose pokes (bars).
One-way ANOVA showed an effect of time (F6,30=15.66; p<0.01).
Tukey’s test showed an increase of DA with respect to basal value. Active nose-pokes were high for

30 min.
As shown in figure 11, a significant correlation between percent of DA levels and nose

poking with r=0.54 and a significant slope (p<0.01) was obtained in the mPFCX.

4.2.3.2 Responding under extinction

Figure 10 (B) shows the time-course of dialysate DA in the mPFCX and of active nose-
pokes under extinction and in the presence of cues signalling sucrose availability.
Oneway ANOVA showed an effect of time (F6,30=19.32; p<0.01). Tukey’s test showed increased

dialysate of DA in the mPFCX.
As shown in figure 12, a significant correlation between percent of DA levels aed nos

poking with r=0.73 and a significant slope (p<0.01) was obtained in the mPFCX.
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4.2.3.3 Response to non-contingent sucr ose feeding

Figure 10 (C) shows the time-course of DA in the mPFCX during the sucrose pellets passive
presentation. Bars indicate the number of pellets presented every 5 minutes.
One-way ANOVA showed an effect of area x timeg g=12.40; p<0.01). Tukey’s test confirmed an
increase of DA in mMPFCX compared to basal value

2007 -0- PFCXN=7 2007 o PFCXN=6 200 -0~ PFCX N=4

150- 150+ m
100 100 T

SA
504 cs 501 SP

% basal DA
g8 8
41

2]
b

e — 0 0

AN ARANRARS RRAN RaRS] RS RS LS LA LA MRS LR RS AAREARRE RSS! 0 LR RS RS R A RAAN RARE AR MRS RS RN RS}
-5 5 10 15 20 25 30 35 40 45 50 55 60 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 -5 0 5 10 15 20 25 30 35 40 45 50 55 60

509 active nose pokes 20

active nose pokes

40-

304

Nose Pokes

204

10

N° of sucrose pellets
>
1

0’ T T T T 1 T T T T T T T T T T T T T
5 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 -5 0 5 10 15 20 25 30 35 40 45 50 55 60
A time (min) B time (min) C time (min)

0

Figure 10: Time-course of dialysate DA in the mPFCX and of active nose pokes / mean pellets
presented (bars) under FR1 responding for sucrose (A), extinction (B) and non-contingent
sucrose pellet presentation (C). Group dialysed after FR1 training.

Basal values of DA (meahSEM): 10+1 fmoles (N=17).

Data are means+SEM. of the results obtained in the number of rats indicated in the figure.
Filled symbols: p<0.05 vs basal values.
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Figure 11: Regression analysis of the relationship between increase in DA levels in the mPFCX
and nose poking activity during FR1 responding for sucrose. Group dialysed after FR1 training.
Graph shows the correlation between the DA output in the mPFCX (N=7) (Y-axis) anpokosg (X-axis)
during sucrose pellets SA. Data are expressed as percent of DA levels during-rifie period of
microdialysis; nose poking is expressed as number of active nose pokes performed during the session
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Figure 12: Regression analysis of the relationship between increase in DA levels in the
mPFCX and nose poking activity during extinction. Group dialysed after FR1 training.

Graph shows the correlation between the DA output in the mPFCX (N=6) (Y-axis) anpokosg (X-axis)
during sucrose pellets SA. Data are expressed as percent of DA levels during-riie period of
microdialysis; nose poking is expressed as number of active nose pokes performed during the session

4.2.4 Responding for sucrose during FR5 training

Figure 13 shows the average number of cumulative active and inactive nose-pokes
performed by rats during the sucrose SA training.

Three way ANOVA of data obtained during the last 7 days of training with a FR5 schedule
showed a main effect of nose poke (active versus pagbivexr296,79; p<0.01). Post hoc analysis

showed that during FR5 training the number of active nose-pokes increased up to a maximum that
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was not different for three consecutive sessions. No significant differences were obtained between

shell and core but responding was higher in rats implanted in the mPFCX as compared to those

implanted in the NAc shell and in the core.
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Figure 13 Cumulative active (squares) and inactive (triangles) nose-pokes during training of

responding for sucrose.

Data are means*SEM of the results obtained in 9 rats for NAc shell, 12 rats for NAc conand 7
for mPFCX.Filled symbols, p<0.05 vsstay; *, p<0.05 vs inactive nose pokes; x, p<0.05 vs active nose
pokes shell group; +, p<0.05 vs active nose pokes core group.
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4.2.5 NAc shell and core dopamine microdialysisin ratstrained on FR5

4.2.5.1 Responding for sucrose

Figure 14 (A) shows the time-course of dialysate DA from the NAc shell and core and of
active nose-pokes during FR5 responding for sucrose.

Two-way ANOVA showed an effect of area; (F=32.02; p<0.01), time @10+3.67; p<0.01) and
an interaction area x timedps#2.76; p<0.01). Tukey’s test showed an increase of DA in the shell.

As shown in figure 15, a significant correlation between percent of DA levels and nose
poking with r=0.36 and a significant slope (p<0.01) was obtained in the NAc shell, but not in the
NAc core (r=-0.42; slope: p=0.75 NS). The two slopes are statistically difféfents=29.56,
p<0.0001).

4.2.5.2 Responding under extinction

Figure 14 (B) shows the time-course of dialysate DA in the NAc shell and core and of active
nose-pokes under extinction.

Two-way ANOVA showed an effect of time B=7.07; p<0.01). Tukey’s test showed a
strengthening of DA both in the shell and in the core of the NAc.

As shown in figure 16, a significant correlation between percent of DA levels and nose
poking with r=0.52 and a significant slofe<0.01) was obtained in the NAc shell, but not in the
NAc core (r=0.22; slope: p=0.062 NS). The two slopes are statistically difféfeni=8.53
p=0.004).

4.2.5.3 Response to non-contingent sucr ose feeding

Figure 14 (C) shows the time-course of DA in the NAc shell and core. The bars indicate the
number of pellets presented every 5 minutes.
Two-way ANOVA showed an effect of time d5=9.94; p<0.01) and an interaction of area x time

(Fo,6=12.28; p<0.01). Tukey’s test showed an increase of DA both in the shell and in the core.
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Figure 14: Time-course of dialysate DA in the NAc shell (circles) and core (squares) and active
nose pokes (bars, means of shell and core group or number of pellets presented every 5 min.),
during FR5 responding for sucrose (A), extinction (B) and after non-contingent sucrose pellets
presentation(C). Group dialysed after FR5 training.

Basal values of DA (meattSEM) in 5-min samples were as follow: NAc sheltt37moles N=24), core
25+3 fmoles (N=20). Data are meanstSEM. of the results obtained in the numiags afdicated in the
figure. Filled symbols: p<0.05 vs basal values; *: p<0.05 with respect to values obtained in the core.
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Figure 15: Regression analysis of the relationship between increasein DA levelsin the NAc shell
nose poking activity during FR1 responding for sucrose. Group dialysed after FR5 training.

Graph shows the correlation between the increase of DA output in the NAcNsHHEI) ((Y-axis) and nose
poking (X-axis) during sucrose pellets SA. Data are expressed as percent of BAdlaved the 60-min
period of microdialysis; nose poking is expressed as number of active nose pokesguedaring the
session.
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Figure 16: Regression analysis of the relationship between increasein DA levelsin the NAc shell
and nose poking activity during extinction. Group dialysed after FR5 training.

Graph shows the correlation between the increase of DA output in the NAENsH@) (Y-axis) and nose
poking (X-axis) during extinction session. Data are expressed as percent of DsAdexiah the 60-min
period of microdialysis; nose poking is expressed as number of active nose pokesguedaring the
session

4.2.6 mPFCX dopamine microdialysisin ratstrained on FR5

4.2.6.1 Responding for sucrose

Figure 17 (A) shows the time-course of dialysate DA in the mPFCX and active nose-pokes
during FR5 responding for sucrose.
One-way ANOVA showed an effect of time g(fs=11.24; p<=0.05).Tukey’s test showed an
increase of DA from basal values.

The correlation between percent of DA levels and nose poking in rats implanted in the
mPFCX it is not significant (r=-0.17; slope: p=0.27 N..S.

4.2.6.2 Responding under extinction

Figure 17 (B) shows the time-course of dialysate DA in the mPFCX and nose-poking
activity resulting in cues signalling sucrose availability during conditioned stimuli presentation
(tone and lights previously associated with sucrose pellets administration).
One-way ANOVA did not show any effectgls=0.98; p=0.45) Active nose pokes were high for
10 min. The correlation between percent of DA levels and nose poking in rats implanted in the
mPFCX it is not significant (r=-0.16; slope: p=0.24 N.S.
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4.2.6.3 Response to non-contingent sucr ose feeding

Figure 17 (C) shows the time-course of DA in the mPFCX during the sucrose pellets passive
administration by the operator. Bars indicate the number of pellets presented every 5 minutes.
One-way ANOVA showed an effect of timeg{#=4.07; p<=0.05).Tukey’s test confirmed an
increase of DA in mMPFCX compared to basal value.
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Figure 17: Time-course of dialysate DA in the mPFCX (circles) and active nose pokes or number
of pellets presented (bars) during responding for sucrose (A), extinction (B) and during non-
contingent sucrose pellet presentation(C). Group dialysed after FR5 training.

Basal values of DA (meahSEM) in 5-min samples were 41 fmoles (N=24).

Data are means+SEM. of the results obtained in the number of rats indicated in the figure.

Filled symbols: p<0.05 vs basal values.

4.3 Monitoring dialysate dopamine during FR1 training

4.3.1 Responding for sucrose during training

Figure 18 shows the average number of cumulative active and inactive nose-pokes
performed by rats during the sucrose SA acquisition.
Three way ANOVA showed main effects of nose poke£F 141.98; p<0.01), day §{fes=20.96;
p<0.01), nose poke x day interaction {§=20.69; p<0.01). Post hoc analysis showed that during

the sucrose SA acquisition the number of active nose-pokes increased every day still a maximum
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(plateau) and showed that the active nose-pokes were more than inactive nose-pokes. Post hoc tes

also did not show difference between shell and core group.
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Figure 18: Cumulative active (squares) and inactive (triangles) nose-pokes during FR1 training
of responding for sucrose in rats microdialyzed every second day.

Data are meanstSEM of the results obtained in 7 rats for NAc shell and 6 rats for NAc core.
Filled symbols, p<0.05 vssHay;

* p<0.05 vs inactive nose pokes.

4.3.2 NAc shell and core dopamine microdialysis during training on FR1
responding for sucrose

Figure 19 shows the time-course of dialysate DA during training on FR1 responding for
sucrose on each session

1¥ session: Two-way ANOVA did not show an increase of DA in both areag4{f1£0.344;
P=0.57; Fime12,1371.78; p=0.06; Feaxiime12,1320.58; p=0.86) (figure 19.A).
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The correlation between percent of DA levels and nose poking is not significant in rats
implanted in the NAc shell (r=-0.18; slope: p=0.13 N.S.) and in rats implanted in the NAc core (r=-
0.13; slope: p=0.25 N.S.)

3rd session: Two-way ANOVA showed an effect of time {f.55.26; p=0.00001). Post
hoc analysis showed a selective increase of DA in the NAc shell (figure 19.B).

As shown in figure 21, a significant correlation between percent of DA levels and nose
poking with r=-0.36 and a significant slope (p<0.01) was obtained in the NAc shell, but not in the
NAc core (r=0.17; slope: p=0.16 NS). The two slopes are not statistically diff@tent=1.5,
p=0.22).

5th session: Two-way ANOVA showed an effect of time 4H,5~18.03; p=0.00001) and an
interaction area x time (k125=2.78; p=0.002). Post hoc analysis showed a selective increase of DA
in the NAc shell. (figure 19.C).

As shown in figure 22, a significant correlation between percent of DA levels and nose
poking with r=-0.52 and a significant slope (p<0.01) was obtained in the NAc shell and in the NAc
core (r=0.34, slope: p<0.01). The two slopes are not statistically difigrent=0.76, p=0.38).

6th session: Two-way ANOVA showed an effect of area; 18.41; p=0.002), of time
(F12,106=5.05; p<0.01) and an interaction area Xx time, {§s=3.86; p<0.01). Post hoc analysis
showed a selective increase of DA in the shell. (figure 19.D8. correlation between percent of
DA levels and nose poking is not significant in rats implanted in the NAc shell (r=-053; slope:
p=0.28 NS) and in rats implanted in the NAc core (r=-0.14; slope: p=0.28 NS)

8th session: Two-way ANOVA showed an effect of area; 27.33; p<0.01), of time
(F12,10620.77; p<0.01) and an interaction area X ti(Re 106=6.87; p<0.01). Post hoc analysis
showed a selective increase of DA in the shell (figure 19.E).

As shown in figure 23, a significant correlation between percent of DA levels and nose
poking with r=0.43 and a significant sloge<0.01) was obtained in the NAc shell, but not in the
NAc core (r=0.12; slope: p=0,364NS).

The two slopes are statistically differért 1,=5.61, p=0.019).

10th session: Two-way ANOVA showed an effect of area{£17.47; p<0.01), of time
(F12,87/13.21; p<0.01) and an interaction area X timg ¢F11.21; p<0.01). Post hoc analysis
showed a selective increase of DA in the shell (figure 13.F).

As shown in figure 24, a significant correlation between percent of DA levels and nose
poking with r=0.33 and a significant slope (p<0.01) was obtained in the NAc shell, but not in the
NAc core (r=0.17; slope: p=0.25 N.S.). The two slopes are not statistically diftéfap=2.399,
p=0.1244).
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Figure 19: Evolution of the time-course of dialysate DA in the NAc shell (circles) and core
(squares) and of active nose pokes (bars, means of shell and core group) on successive sessions
during training on FR1 responding for sucrose.
Basal values of DA (meatiSEM) in 5-min samples were as follow: NAc shelt-3&moles (N=36), core
25t4 fmoles (N=31). Data are means+SEM. of the results obtained in the numiag¢s ofdicated in the

figure.

Filled symbols: p<0.05 vs basal values;
*: p<0.05 vs values obtained in the core.
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Figure 21: Regression analysis of the relationship between DA levelsin the NAc shell and nose
poking activity during FR1 responding for sucrose on the 3"session.

Graph shows the correlation between of DA output in the NAc shell (N=6) €Y-ard nose poking (X-
axis) during sucrose pellets SA. Data are expressed as percent of DA levels duignrtimeperiod of
microdialysis; nose poking is expressed as number of active nose pokes performed during the session.
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Figure 22: Regression analysis of the relationship between DA levels in the NAc shell and core

and nose poking activity during FR1 responding for sucrose on the 5"session

Graphs show the correlation between the DA output in the NAc shelke&itdE7) and core (squares, N=5)
(Y-axis) and nose poking (X-axis) during sucrose pellets SA. Data are expressed asgbddéetevels
during the 60-min period of microdialysis; nose poking is expressed as numbelivef ramte pokes
performed during the session
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Figure 23: Regression analysis of the relationship between DA levelsin the NAc shell and nose
poking activity during FR1 responding for sucrose on the 8™ session.

Graph shows the correlation between of DA output in the NAc shell (N=6) €¥-ard nose poking (X-
axis) during sucrose pellets SA. Data are expressed as percent of DA levels duifgrtimeperiod of
microdialysis; nose poking is expressed as number of active nose pokes performed during the session.
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Figure 24: Regression analysis of the relationship between DA levels in the NAc shell and nose
poking activity during FR1 responding for sucrose on the 8" session.

Graph shows the correlation between of DA output in the NAc §Neb) (Y-axis) and nose poking (X-
axis) during sucrose pellets SA. Data are expressed as percent of DA levels duifgrtimeperiod of
microdialysis; nose poking is expressed as number of active nose pokes performed during the session.
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Figure 25: Regression analysis of the relationship between DA levels in the NAc shell and nose
poking activity during FR1 responding for sucrose on the 10" session.

Graph shows the correlation between of DA output in the NAc shell (N=5) €¥-ard nose poking (X-
axis) during sucrose pellets SA. Data are expressed as percent of DA levels duifgrtimeperiod of
microdialysis; nose poking is expressed as number of active nose pokes performed during the session.

4.3.3 Responding for sucrose

Figure 26 (A) shows the timesurse of DA in the NAc shell and core during FR1
responding for sucrose in rats that had been monitored with microdialysis during training.
Two-way ANOVA showed an effect of area (E27.15; p<0.01), time (zs~8.32; p<0.01) and an
interaction area x time (ks+5.19; p<=0.01). Tukey’s test showed an increase of DA in the shell.

As shown in figure 27, a significant correlation between percent of DA levels and nose
poking with r=0.61 and a significant slofe<0.01) was obtained in the NAc shell, but not in the
NAc core (r=0.01; slope: p=0,79 N.S.). The two slopes are statistically difféfeni=15.52,
p<0.0001).

4.3.4 Responding under extinction

Figure 26 (B) shows the time-course of dialysate DA in the NAc shell and core under
extinction of FR1 responding for sucrose, in the rats that had been monitored with microdialysis
during training.

Two-way ANOVA showed an effect of area;@E37.85; p<0.01), time (;7-=10.02;
p<0.01) and a significant interaction area x time, (F9.14; p<0.01).Tukey’s test showed an

increase of DA in the shell but not in the core.
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As shown in Figure 28 a significant correlation between percent of DA levels and nose
poking with r=0.45 and a significant slope (p<0.01) was obtained in the NAc shell, but not in the
NAc core (r=0.12; slope: p=0.42 NS). The two slopes are statistically difféfemns~12.05,
p<0.0001).

4.3.5 Response to hon-contingent sucrose feeding

Figure 26 (C) shows the time-course of DA in the NAc shell and core during the sucrose
pellets passive administration by the operator, in rats that performed the microdialysis experiment
during the acquisition phase.
Two-way ANOVA showed an effect of time (F41.81; p<0.01) and an interaction area x time

(F12,4872.69; p<0.01). Tukey’s test showed an increase of DA both in the shell and in the core.
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Figure 26: Time-course of DA in the NAc shell (circles) and core (squares) and active nose-
pokes or number of pellets presented (bars) under FR1 responding for sucrose (A), extinction (B)
and non-contingent sucrose pellet presentation in the rats monitored by microdialysis during
training.

Basal values of DA (meathSEM) in 5-min samples were as follow: NAc sheltk25moles (N=11), core
24+3 fmoles (N=11).

Data are means+SEM. of the results obtained in the number of rats indicated in the figure.

Filled symbols: p<0.05 vs basal values;

*: p<0.05 vs values obtained in the core.
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Figure 27: Regression analysis of the relationship between DA levelsin the NAc shell and nose
poking activity during FR1 responding for sucrose.

Graph shows the correlation between of DA output in the NAc shell (N=5) €y-ard nose poking (X-
axis) during sucrose pellets SA. Data are expressed as percent of DA levels duifgrtimeperiod of
microdialysis; nose poking is expressed as number of active nose pokes performed during the session.
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Figure 28: Regression analysis of the relationship between DA levelsin the NAc shell and nose
poking activity during the extinction session (FR1).

Graph shows the correlation between of DA output in the NAc shell (N=4) 6¥-ard nose poking (X-
axis) during sucrose pellets SA. Data are expressed as percent of DA levels duifgrtimeperiod of
microdialysis; nose poking is expressed as number of active nose pokes performed during the session.
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5. Discussion

The main finding of the present study is that, in fully trained rats, FR1 and FR5 responding
for sucrose activates DA transmission in the NAc shell and in the mPFCX but not in the NAc core.
Extinction of FR1 responding in the presence of visual and auditory cues that signal sucrose
availability was associated to a pattern of activation of DA transmission similar but shorter lasting
than that of rats responding for sucrose. In contrast, in the same rats, feeding of sucrose pellets
presented in a response non-contingent fashion was associated to activation of DA transmission also
in the NAc core, in addition to the shell and mPFCX. In rats naive to sucrose, NAc shell DA
transmission was activated in response to feeding of sucrose presented non contingently and this
effect underwent complete habituation. No habituation of DA response was observed upon sucrose
feeding contingent upon FR1 and FR5 responding. Finally, within subjects monitoring of DA
response in the NAc shell and core during training of FR1 responding for sucrose showed a
progressive build-up of DA response in the NAc shell that was virtually maximal on the tenth trial
with only transient and marginal activation of NAc core DA transmission orf'thial5

In the two experimental groups dialysed at the end of training as well as in the group
dialysed during training, active nose pokes increased progressively with training while inactive nose
pokes remained quite low from the beginning, consistent with a strong dependency of responding
from its outcome (see below). After two-three weeks (10-15 sessions) rats reached asymptotic
responding indicative of full acquisition. The number of asymptotic active nose pokes emitted was
not different between rats implanted in the NAc shell and in the NAc core nor between the group
dialysed during and at the end of FR1 training.

During the extinction session, visual and auditory cues that signal session start and reward
availability as well as auditory cues that follow active nose-pocking (feeder switcipedliet
release) were still except that the pellet was prevented from falling into the dispenser. Under these
conditions rats responses were still emitted on the active nose poke but were short lived, consistent
with a tight dependence of responding from its outcome and resulting, according to Dickinson and
Balleine (2002), from an instrumental incentive learning mechanism.

Dopaminetransmission and responding for sucrose

During responding for sucrose, rats trained and tested on FR1 and FR5 showed a similar
response pattern of changes in dialysate DA. DA rapidly increased in the NAc shell and mPFCX
while remained at basal levels in the NAc core. Changes in NAc shell DA were time-locked to
active nose-poking activity; thus, return of dialysate DA to basal coincided with downshift of

responding for sucrose.
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These observations contrast with those of Sokolowski et al (1999) who found that the
increase of dialysate DA in the NAc shell and core during responding for food was prolonghed well
over the period of active (operant) responding for food. It was during this phase and not, as in our
case, during the operant phase that Sokolowski et al (1999) did obtain a larger increase of dialysate
in the NAc shell compared to the core. Since in the present experiments the increase of DA in the
shell over that in the core occurred from the beginning of responding for sucrose, it is possible that
the shell versus core differences observed in the present study arise from a mechanism different
from that operating in the case of Sokolowski et al. (1999) For example, while in our case they
might result from differences in the activation of DA release, in the case of Sokolowski et al (1999)
they might arise from differences in the disposition of DA after its release such as, for example,
reduction of DA reuptake, that slows the clearance of released DA from the extracellular space.
Indeed, as situation similar to that observed by Sokolowski et al (1999) in the NAc was observed by
us in the mPFCX, were the increase of DA went on for two or more 10 min samples when active
responding for sucrose had already down to low levels. In our case the differential relationship of
NAc shell and mPFCX DA with responding is consistent with differences in the clearance of
released DA in the two areas (Garris and Whightman, 1994; Jones et al, 1996). It should be noted,
however, that a straight comparison of the time relationships between changes in dialysate DA and
responding between our study and that of Sokolowski et al (1999) is made difficult by the
differences in time sampling of dialysate DA, 5 min in our study, 30 min in the Sokolowski et al
(1999) study. Another possibly relevant difference is that Sokolowski et al (1999) utilized food
rather than sucrose pellets.

As far as regards other microdialysis studies comparing changes in NAc shell and core DA
transmission in rats responding for food pellets, their results are quite in contrast with the present
one as in general they did observe increases in dialysate DA both in the shell and core without
significant differences between the two NAc subdivisions.

Ostlund et al (2011) monitored dialysate DA in rat striatal subregions including the NAc
shell and core during instrumental conditioning for food on a random-ratio schedule of
reinforcement involving variation in the amount of effort needed to earn rewards across tests.
Under these conditions dialysate DA increased during responding for food in both the shell and core
and no differences between the two NAc subdivisions were observed in hungry and sated subjects
and on three different sessions. The reason for the discrepancy between our results and those of
Ostlund et al (2011) is unclear but might derive from the many differences in experimental
conditions that included use of grain-based food instead of sucrose pellets, bar pressing instead of

nose poking, random-ratio instead of fixed ratio schedules. Interestingly, however, when changes in
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dialysate DA were correlated on individual subjects with response rate and number of rewards
earned in sated and hungry rats, a positive correlation was observed in the NAc shell but not in the
core; on the other hand, when individual changes of dialysate DA were correlated with changes in
response ratio as an expression of effort, a negative correlation was obtained in the core. Thus,
increase in DA release during instrumental conditioning was positively correlated to earning of
reward in theNC shell and negatively correlated to response effort in the core. Although the overall
changes observed in ttdC shell and core by Outland et al (2011) do not agree with ours, the
correlations of individual changes in dialysate DA in ebi¢éhsubdivision with reward and effort

might provide an explanation for the present observation that response-contingent sucrose feeding,
that is likely to be associated to higher effort than non-contingent feeding, fails to increase dialysate
DA in the NC core, while response non-contingent feeding increases dialysate DA also in the core
(see below).

Another study whose results should be compared with ours is that by Cheng and Feenstra
(2006) who reported that in an FR1 learning paradigm made up of two sessions with an interval of 2
hours between sessions. Dialysate DA rapidly increased during each session and to a similar extent
in both NAc subdivisions and the only differences between shell and core were observed on the first
session in the rats that learned to criterion, since they showed a higher NAc shell DA response
compared to the rats that did not learn to criterion. In the present study, as learning progressed and
rats increased responding for sucrose, dialysate DA progressively increased selectivelyAa the N
shell in all sessions, except for thd Session, where an increase in the core was also observed.
Therefore, in the present study, a build up of DA response was observed in the NAc shell as
learning progressed while the response in the core was transitory and aborted early in the learning
process.

Segovia et al (2011) have studied changes in dialysate DA sampled every 15 min in the NAc
shell and core during responding for food pellets (Bioserv) in different groups of rats previously
trained on FR1 and on FR5 schedules. Quite in contrast with our observations, Segovia et al did not
observe changes in dialysate DA in any NAc subdivision during FR1 responding for food in rats
previously trained on the same schedule. In rats trained on FR5 and monitored during the same
schedule, dialysate DA increased both in the shell and in the core but to a larger extent in the first
subdivision. Therefore, this last set of observations partially agree with ours.

Only few voltammetric studies have directly compared shell versus core DA responses in
rats self-administering food. Comparison of these studies with the present one is difficult due to the
basic differences between microdialysis and voltammetry (see Introduction). A recent fast scan

cyclic voltammetry study performed on rats trained to self-administer sucrose on a FR1 schedule
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shows that presentation of the visual-auditory cue signaling reward availability elicits a phasic
increase of extracellular DA in the NAc shell and core that fades within 2 seconds, when the lever is
extended into the chamber and response is emitted to obtain the reward. This cue-related response is
larger in the NAc shell than in the core and is followed by a second response that takes place
immediately after lever extension and selectively in the NAc shell DA. This second component of
the DA change is lower and slower and coincides with sucrose reward, extending in some rats over
10 sec after cue presentation (Cacciapaglia et al, 2012).

The observations of Cacciapaglia et al (2012) suggest that under responding for sucrose
extracellular DA is released both in the NAc shell and in the core by cues signalling reward
availability and only in the NAc shell by the reward itself, most likely, the sucrose taste. This
conclusion is consistent with previous observations from the same group showing that appetitive
(saccarin) and aversive (quinine) tastes increase and respectively decreaseutatrBeelin the
NAc shell but do not affect DA in the core ( Roitman et al, 2008; Wheeler et al, 2011)

In order to translate these voltammetric observations into microdialysis terms one should
consider that the voltammetric recordings refer to the time relationship of DA changes around each
response without considering that DA released at each response is not immediately cleared from the
extracellular compartment but adds on and raises basal DA levels. In contrast to voltammetry,
microdialysis does estimate absolute levels of extracellular DA and therefore is able to take into
account the increase of mean extracellular DA levels brought about by the contribution of those
individual DA transients to overall extracellular DA. One should also consider that the activity of
DA reuptake is about 3 times higher in the NAc shell than in the core and that DA transients on
each trial are higher and more prolonged in the NAc shell than in the core and are likely to raise
extracellular DA to a larger extent than in the core. Taking the above considerations into account,
one would predict, starting from the observations of Cacciapaglia et al (2012), that the final
contribution of the DA response to dialysate DA levels in the core would be lower or even absent as
compared to the NAc shell. Therefore we conclude that the voltammetric observations of
Cacciapaglia et al (2012) are consistent with ours and might even provide a clue to their explanation
at the sub-second level.

Dopaminetransmission and extinction of responding for sucrose

In order to investigate if cues signalling reward availability and preceding response emission
as well as cues triggered by active nose-pokes are able induce changes in DA t@nsinissj
responding for sucrose and in order to distinguish them from the action of sucrose, rats were
monitored under extinction conditions. In rats dialysed after FR1 training as well as in rats dialyzed
during FR1 training, DA increased in the NAc shell and mPFCX. In rats trained on FR5 DA
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increased both in the NAc shell and core. However, the increase in the NAc core was low and late,
taking place on the8sample. On this schedule no change in dialysate DA was observed in the
mPFCX. We have confirmed this observation in an additional series of subjects (results not shown)
but we have no explanation for it.

These results are in line with voltammetric studies showing that cues signalling sucrose
availability phasically release DA in the NAc shell and core (Cacciapaglia et al 2012). Antliffere
pattern of shell versus core DA activation was obtained by in a pavlovian conditioning paradigm
involving conditioning of a food smell with taste of a palatable food. In this paradigm, presentation
of the CS increased dialysate DA in the NAc core rather than in the shell (Bassareo et al, in
preparation). Thus, an opposite patterns of activation of DA transmission in shell versus core is
obtained following exposure to CSs depending on their pavlovian or instrumental nature: DA
transmission in the shell is potentiated by food conditioned stimuli only when they are conditioned
by an operant associative learning.

Dopamine transmission and non-contingent sucrose feeding

One of the aims of the present study was to compare the effect of response-contingent and
response non-contingent sucrose feeding on in vivo DA transmission in the NAc shell and core. In
naive rats repeatedly fed sucrose pellets presented non contingentlydialysate DA increased on the
first trial and this response habituated on a second and third trial 24 h. apart from each other. These
observations extend to sucrose pellets the observations of previous studies from our and others
laboratory after various palatable foods (Bassareo and Di Chiara, 1997; 1999a e b, Gambarana e
al., 2003; Rada et al., 2005; Danielli et al., 2009

In rats previously trained to respond for sucrose on FR1 and FR5, responasemntioigent
feeding of sucrose pellets at the same mean rate at which the rats self-administer sucrose, elicited a
robust and sustained increase in dialysate DA in the NAc shell and core and mPFCX. Since the
same rats have been fed with sucrose during training and not earlier than two days before, this
observation indicates that training to respond for sucrose eliminates habituation in the NAc shell.

This however does not mean that the release of DA induced by food is the effect of the
primary stimulus properties (taste) of sucrose, as might be the case of naive rats fed with sucrose.
Sucrose is provided with taste as well as post-ingestive (e.g. metabolic) primary rewarding
properties that can both act as primary stimuli. For example taste might lose its DA stimulant
properties as a primary reward following repeated feeding but might gain conditioned DA stimulant
properties by being predictively associated during operant training with sucrose post-ingestive
rewarding properties. This might also explain the ability of non-contingent sucrose to stimulate DA

transmission in the NAc core.
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However, independently of the conditioned or unconditioned nature of the DA response to
response non-contingent sucrose, the same sucrose stimulus differentially activates NAc core DA
depending on the fact that, in the same subjects, it is fed contingently or non-contingently upon a
response.

In order to interpret this observation, it is important to consider that a salty palatable food
like Fonzies® also increases dialysate DA both in the NAc shell and core (Bassareo and Di Chiara,
1997). In view of this the NAc DA response to non-contingent sucrose would be regarded as
gualitatively similar to that observed in untrained rats. A closer examination of the DA time-course,
however, reveals that the response of NAc shell DA to non-contingent feeding is slower than that of
response contingent, both on FR1 and FR2. While on FR1 the time-course of DA after non-
contingent feeding is superimposable to that in the core, on FR5 the response in the core is slower
than in the shell. It is possible therefore that, as a result of operant training, the NAc shell DA
response to non-contingent sucrose, like that to contingent sucrose, is conditioned in nature, being
related to the predictive association of intrinsic sucrose stimulus properties (e.g. smell, taste) with
its post-ingestive (e.g.caloric) properties. The possibility that the DA stimulant properties of sucrose
are unconditioned in untrained rats but become conditioned in rats trained to self-administer
sucrose, provides in turn an interesting explanation of the lack of habituation of DA transmission in
the NAc shell in rats trained to respond for sucrose.

As to the ability of non-contingent sucrose to stimulate DA in the NAc core, the fact that is
not observed under responding for sucrose suggests that it is an unconditioned effect of food and
that when sucrose is earned contingently upon a response its ability to stimulate DA transmission in
the NAc core is actively suppressed. We speculate that suppression of activation of DA
transmission in the core would prevent automatic, inappropriate, eventually species specific
responses that would otherwise interfere with focusing responding on earning sucrose.
Dopaminetransmission during training

An important observation made during the course of the present study is that in rats trained
to respond for sucrose, while contingent sucrose feeding activates DA only in the NAc shell, non
contingent sucrose feeding activates DA transmission both in the NAc shell and core. If indeed, as
we suggested, contingent sucrose feeding inhibits the ability of sucrose feeding to stimulate DA
transmission in the core, one would expect that this change would take place during training but
would disappear as training is completed. In order to test this hypothesis, rats were monitored
during training of FR1 responding for sucrose.

It is notable that on theé"&rial, dialysate DA increased significantly not only in the shell but

also in the core. However, from th® @ial on, the increase was limited to the NAc shell. On the
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final trials, once training had been completed, DA increased only in the NAc shell under responding
for sucrose and under extinction while increased both in the shell and in the core when sucrose was
presented and fed non contingently.

Therefore, stimulation of DA transmission in the core takes place at the beginning of
training and is lost as training is completed, consistently with the hypothesis that the response in the
core is an unconditioned effect of sucrose that is inhibited when sucrose is obtained contingently.
Conclusions

The present study shows that under operant conditions, responding for sucrose stimulates
DA transmission in the NAc shell and mPFCX but not in the core. As non contingent sucrose
presentation and feeding activates DA also in the NAc core, it is hypothesized that operant
responding for sucrose inhibits the ability of sucrose to stimulate DA transmission in the core. This
inhibition might serve to inhibit impulsive and inappropriate responses, thus increasing the
efficiency of goal-directed action.

No habituation of NAc shell responsiveness was obtained under operant sucrose feeding.
This observation, coupled to the fact that responding under extinction was associated to stimulation
of NAc shell but not of core DA suggests that activation of DA transmission during responding for
sucrose is the effect of discriminative/conditioned stimuli and not of the unconditioned stimulus
properties of sucrose. This might also apply to the stimulation of DA transmission in the NAc shell
by non-contingent sucrose presentation and feeding.

This study provides a robust and reproducible model for a parametric study the relationship

between behaviour and DA transmission in the NAc shell and core and in the mPFCX.
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