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ABSTRACT

Adult rats emit ultrasonic vocalizations primarily around two frequencies: 22- and 50-kHz.
These two broad categories of calls are commonly associated with contexts and stimuli that are
either aversive or reinforcing, respectively. The 50-kHz call type can be subdivided into 14
subtypes, and several lines of evidence suggest that the mesolimbic dopamine (DA) system

promotes 50-kHz call emission.

The first aim of this thesis (Chapter 2) was to determine whether 50-kHz calls can be elicited by
enhancing DAergic signaling pharmacologically. Instead, systemic administration of selective
DAergic receptor agonists decreased 50-kHz call rates, thus mimicking the effects of DA
receptor antagonists. These findings suggested that DAergic transmission is necessary, but is not

sufficient, for call emission.

According to recent reports, psychostimulants (e.g. cocaine and amphetamine), which reliably
increase 50-kHz calls, also increase phasic DA release. To reconcile the seemingly conflicting
findings from Chapter 2, we hypothesized that phasic DA release is required for the production
of 50-kHz calls. According to this hypothesis, tonic activation of postsynaptic receptors by
DAergic agonists would have inhibited the transmission of phasic DA signals, thereby producing
a call-depressant effect, as observed following the administration of antagonists. Therefore, in
Chapter 3, we investigated the relationship between phasic DA release and 50-kHz vocalizations.
First, we confirmed that electrical stimulation of the medial forebrain bundle (MFB) produced
50-kHz vocalizations. We showed that these calls were time-locked with phasic DA release,

which we recorded in the nucleus accumbens (NAcc) of freely moving animals using fast-scan



cyclic voltammetry (FSCV). The associated call profile, with a preponderance of trill calls, was
similar to that following administration of psychostimulants. Next, we showed that optogenetic
stimulation of ventral tegmental area (VTA) DAergic neurons was also associated with high call
rates, with trills again predominating. Call rates were significantly higher during non-contingent
VvS. response-contingent stimulation. Although rats continued to respond for, or passively receive,
optogenetic stimulation throughout the 2-hour session, they virtually ceased calling within 30
minutes. Taken together, the results from Chapter 3 suggest that phasic DA release in the

mesolimbic system, even though reinforcing, is not sufficient to elicit 50-kHz calls.

In a final study (Chapter 4), we investigated the relationship between phasic DA release and
amphetamine (AMPH)-induced calls. Systemic administration of AMPH increased the 50-kHz
call rate, with an inverted-U shaped dose-response relationship. Conversely, co-administration of
selective DAergic agonists with AMPH significantly decreased calls. Next, we recorded phasic
release in the NAcc using FSCV following the acute administration of AMPH. AMPH (tested at
0.3 - 4 mg/kg) also increased the amplitude of DA transients without affecting their duration or
frequency. As expected, AMPH also significantly increased 50-kHz call rates. However, phasic
DA release in the NAcc did not co-occur with 50-kHz calls. Furthermore, there was no
correlation between the number of USVs and the frequency, duration or amplitude of transients,
suggesting that phasic DA release in the NAcc is not necessary for the emission of AMPH-
induced vocalizations.

In summary, the present findings indicate that although 50-kHz call emission is strongly
dependent on DA transmission, phasic DA release in the NAcc appears neither sufficient nor

necessary for their occurrence.



RESUME

Les rats adultes émettent des vocalisations dans la frequence ultrasonique, principalement a 22 et
50 kHz. Ces deux catégories d’appels sont associées a des contextes soit d’aversion ou de
récompense, respectivement. La catégorie de vocalisation a 50 kHz peut étre subdivisée en 14
sous-catégories. De plus, plusieurs découvertes supportent un role pour le systéme mésolimbique

de dopamine pour la production de ces appels.

Le premier objectif de cette thése (Chapitre 2) était de déterminer si I’activation de signalisation
dopaminergique serait suffisante pour produire des appels a 50 kHz. Plutét qu’augmenter les
appels, les injections systémiques d’agonistes dopaminergiques sélectives ont diminué la
production d’appels a 50 kHz, ainsi reproduisant I’effet des antagonistes. Ces résultats suggérent
que I’activation de signalisation dopaminergique est nécessaire mais n’est pas suffisante pour

produire des appels de 50 kHz.

Selon des rapports récents, les psychostimulants (ex: cocaine et amphétamine), qui produisent
des appels de 50 kHz de maniére fiable, produisent aussi la libération phasique de dopamine.
Donc, afin de réconcilier les résultats apparemment contradictoires du Chapitre 2, nous avons
formulé I’hypothése suivante: la libération phasique de dopamine est requise pour la production
d’appels de 50 kHz. Selon cette hypothése, 1’activation tonique de récepteurs post-Synaptiques
par des agonistes dopaminergiques aurait empéché la transmission de signal phasique, produisant
alors une inhibition d’appels, tel qu’on a observé avec les antagonistes. Donc, dans le Chapitre 3,
nous avons étudié la relation entre la libération phasique de dopamine et les vocalisations de 50

kHz. En premier, nous avons confirmé que la stimulation électrique du faisceau médian du



télencéphale produit des appels de 50 kHz. Nous avons démontré que ces appels se produisent en
méme temps que la libération phasique de dopamine dans le noyau accumbens, que nous avons
mesurée en utilisant la voltammeétrie cyclique ultra rapide. Le profil d’appels, avec une
prépondérance de la sous-catégorie de ‘trill’, était semblable a ce que 1’on observe suite a
I’administration d’amphétamine. Par la suite, nous avons montré que la stimulation
optogénétique de neurones dopaminergiques de 1’aire tegmentale ventrale était associée avec un
taux élevé d’appels de 50 kHz, avec encore une fois, une prépondérance de ‘trill’. Le taux
d’émission d’appels était significativement plus élevé lors de la stimulation sans contingence vs.
la stimulation avec contingence. Méme que les rats ont travaillé pour recevoir ou ont regu
passivement la stimulation optogénétique pendant la session de 2 heures, ils ont cessé d’émettre
des vocalisations ultrasoniques dés 30 minutes. Pris dans leur ensemble, les résultats du Chapitre
3 suggerent que la libération phasique de dopamine dans le systeme mésolimbique, méme que

gratifiante, n’est pas suffisante pour provoquer des appels de 50 kHz.

Dans une derniére étude (Chapitre 4), nous avons investigué la relation entre la libération
phasique de dopamine et les appels provoqués par I’amphétamine. L’administration systémique
d’amphétamine a augmenter le taux d’appels de 50 kHz, décrit par une courbe dose-réponse en
U-inversé. Contrairement, la co-administration d’agonistes dopaminergiques sélectives avec
I’amphétamine, a diminué le taux d’appels significativement. Par la suite, nous avons mesur¢ la
libération phasique de dopamine dans le noyau accumbens en utilisant la voltammeétrie cyclique.
Amphétamine (testé a 0.3-4 mg/kg) a aussi augmenté I’amplitude de dopamine sans affecter la
durée ni la fréquence. Comme prévu, amphétamine a augmenté I’émission d’appels de 50 kHz.

Par contre, la libération phasique de dopamine ne s’est pas produit en méme temps que les



appels. De plus, il n’y avait aucune corrélation entre le nombre d’appels ultrasoniques et la
fréquence, durée ou amplitude de dopamine; ceci suggere que la libération phasique de dopamine
dans le noyau accumbens n’est pas nécessaire pour la production d’appels de 50 kHz provoquée

par I’amphétamine.

En résumé, les résultats de cette thése indiquent que quoique la production d’appels de 50 kHz
dépend fortement sur la transmission dopaminergique, la libération phasique de dopamine dans

le noyau accumbens ne semble pas étre suffisante ni nécessaire pour leur production.
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Chapter 2:

Spontaneous 50-kHz ultrasonic vocalizations (USVs) decreased following systemic
injection of the following drugs: selective D1-like and D3-selective DAergic antagonists;
selective D1-like, D2/D3- and D3- agonists; combinations of D1-like and D2/D3
agonists; and agonist-antagonist combinations. In contrast, a D4 agonist and antagonist

did not significantly affect 50-kHz call rate.

Chapter 3:

Unexpected electrical stimulation of the medial forebrain bundle (MFB) elicited both 50-
kHz USVs and phasic dopamine (DA) release events in the nucleus accumbens (NAcc).
The onset of calls was time locked with transient DA release. Most 50-kHz calls emitted
following electrical stimulation of the MFB were of the “trill’ call subtype

During optogenetic stimulation of ventral tegmental area (VTA) dopaminergic (DAergic)
neurons, the USV call rate and call profile were similar to that observed following the
systemic administration of psychostimulants

Rats decreased their call rate over the first 30 minutes of the session, despite near-
constant rates of responding for optogenetic stimulation of VTA DAergic neurons. This
disparity occurred with each of the four different schedules of stimulation delivery (fixed-
interval 20s, fixed-time 20s, variable-interval 20s, variable-time 20s)

Rats emitted significantly more calls during sessions providing non-contingent

optogenetic stimulation than during sessions offering contingent stimulation
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e Rats did not appear to call in anticipation of optical stimulation, and the 50-kHz call

profile was comparable before and after optical stimulation

Chapter 4:

e The dose-response relationship between amphetamine (AMPH; 0.1, 0.3, 0.6, 1.6 and 4
mg/kg) and 50-kHz vocalizations followed an inverted-U shape where AMPH increased
50-kHz call rate at the three highest doses

e AMPH-induced 50-kHz vocalizations decreased following co-administration with D1-
like and D2/D3 DA receptor agonists

e AMPH (0.3, 0.6, 1.6 and 4 mg/kg) significantly increased the amplitude of phasic DA
release events in the NAcc, without detectably altering their frequency of occurrence or
duration

e The majority (>95%) of USVs did not co-occur with phasic DA release in the NAcc
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General introduction

Mental health disorders such as schizophrenia, depression and substance abuse are a major
public health concern that impacts all societies on many levels; either directly or indirectly,
everyone experiences the repercussions. An estimated 1 in 5 Canadians experiences a mental
health or addiction problem in a given year (Kirby and Keon 2004) which translates to roughly
6.8 million people; by comparison, 2.2 million people in Canada have type 2 Diabetes (Statistics
Canada 2014). In addition to the serious health consequences, the economic and social burden is
tremendous. Mental health problems cost our health care system $50 billion per year; this
represents almost 3% of Canada’s gross domestic product (Mental Health Commission of
Canada 2011). The repercussions of untreated mental health disorders include intoxicated driving
(Freeman et al. 2011), violence (Werb et al. 2011), stress (Hammen 2005; Bardo et al. 2013) and
suicide (Miller et al. 2014; Carra et al. 2014). Currently there are no cures for most mental health
problems; conventional therapies only help to manage the disorders (Pouget and Muller 2014;
Newby et al. 2015). In substance abuse, where drug treatments show promise in initial phases of
rehabilitation, the relapse rates are comparable to other chronic illnesses such as hypertension,

Type | diabetes and asthma (McLellan et al. 2000).

Due mostly to ethical constraints, the scope of human studies is limited, with a strong emphasis
on non-invasive approaches such as brain imaging (Daglish and Nutt 2003; Phillips et al. 2015).
For this reason, animal models of mental illness have been developed to try to mimic the many
behavioural and physiological manifestations (Lynch et al. 2010; Jones et al. 2011; Planeta 2013,
Hollis and Kabbaj 2014). For example, (1) conditioned place preference (CPP) is used to assess

the rewarding effects of a variety of drugs (Tzschentke 2007). Here, animals spend more time in
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an environment previously paired with a rewarding stimulus. (2) In the forced-swim test, a
behavioural screen for antidepressant drugs, animals are placed in a cylinder filled with water.
Subjects then become immaobile when faced with the inescapable nature of the apparatus
(Bogdanova et al. 2013). One main drawback of almost all existing behavioural tests is that the
subjective state of the animal cannot readily be inferred. To provide a more direct measure of
affect for the improvement of animal models, more recently studies have focused on decoding
animal communication and language (Takahashi et al. 2010; Brainard and Fitch 2014;
Kershenbaum et al. 2014; Kriengwatana et al. 2014). The main goal for improving these animal
models is to have a better understanding of the complex psychosocial and neurobehavioural

components of mental health disorders, to ultimately create better treatments.

An introduction to rat ultrasonic vocalizations (USVs)

In the early 1940s, it was discovered that rats could hear in the ultrasonic range; this was first
demonstrated in rats that learnt to react to ultrasound signals thereby avoiding footshock (Gould
and Morgan 1941). More than a decade later, Anderson (Anderson 1954) reported that rats can
vocalize in the ultrasonic range, for example in response to an aversive tail pinch. Since then,
two main types of adult rat USVs have been categorized according to their mean frequencies: 22-
kHz (range: 18-28 kHz) and 50-kHz calls (30-90 kHz) (Portfors 2007; Wohr and Schwarting
2013; Clarke and Wright 2015). These two call categories not only occupy separate frequency
ranges, but differ along several other acoustic dimensions. Notably, 50-kHz calls are much softer
and briefer (~0.05 ms vs. ~0.5-2 s), and tend to be more frequency modulated (Blanchard et al.
1992; Brudzynski 2005). The 22-kHz calls are commonly produced in aversive contexts: drug

withdrawal (Vivian and Miczek 1991; Covington, 11l and Miczek 2003; Berger et al. 2013),
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stress (Knapp and Pohorecky 1995; Inagaki et al. 2005; Yee et al. 2012), predatory exposure
(Blanchard et al. 1991; Blanchard et al., 1992), inter-male aggression (Sales 1972; Corrigan and
Flannelly 1979; Thomas et al. 1983), electric shock (van der Poel et al. 1989; Kaltwasser 1990;
Parsana et al. 2012) and after an unexpected decrease in reward size (Coffey et al. 2012). Taken
together, the main function of these 22-kHz calls appears to be in signalling alarm and conveying
negative affect and anxiety. In line with this, the production of these calls has been linked to
brain regions such at the amygdala, perirhinal cortex and periaqueductal gray which play a role
in, among other functions, fear conditioning (Allen et al. 2007; Sadananda et al. 2008; Wohr and

Schwarting, 2013; Kim et al. 2013; McCue et al. 2014).

Adult rat 50-kHz vocalizations, in contrast, are commonly observed in association with
appetitive or reinforcing stimuli (Burgdorf et al. 2011; Seffer et al. 2014). For example, 50-kHz
USVs have been observed during social contact or cooperative behaviour (Brudzynski and Pniak
2002; Lopuch and Popik 2011), and rough-and-tumble play (Knutson et al. 1998), and following
AMPH administration (Burgdorf et al. 2001; Wintink and Brudzynski 2001; Thompson et al.
2006; Ahrens et al. 2009; Wright et al. 2010; Simola et al. 2012; Wright et al. 2013; Ahrens et al.
2013; Chapter 2: Scardochio and Clarke 2013) and reinforcing electrical brain stimulation
(Burgdorf et al. 2000; Burgdorf et al. 2007). Recently, 50-kHz calls have been proposed as an
index of incentive salience (Brenes and Schwarting 2014). More specifically, sign-tracking rats

emitted more 50-kHz calls than goal-trackers (Brenes and Schwarting 2015).

Commonly, 50-kHz calls are pooled into two categories, where frequency modulation is the sole

determining factor (flat vs. frequency-modulated) (Ciucci et al. 2009; Popik et al. 2014; Opiol et
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al. 2015). However, the 50-kHz category can be subdivided into 14 subtypes based on several
acoustic parameters including duration and frequency modulation (Wright et al., 2010). Only in
the past 3 years have researchers begun incorporating our 14 subtypes, the most detailed
categorization to date, into their analysis (Simola et al., 2012; Himmler et al. 2014b). Recent
studies have shown that the prevalence of certain call subtypes is context-dependent. For
example, the proportion of flat calls increases upon separation from a cage mate (Wohr et al.
2008), during evasion in play behaviour (Takahashi et al., 2010) and following reunion of a dam
with her pups (Stevenson et al. 2009). The flat call type is also more prevalent in rats possessing
the novelty- and sensation-seeking phenotype (Garcia et al. 2015). In contrast, the trill subtype is
more frequently associated with appetitive contexts such as play behaviour (Himmler et al.
2014a) and receipt of drug rewards such as psychostimulants (Wright et al., 2013; Ahrens et al.,

2013; Chapter2: Scardochio and Clarke, 2013; Barker et al. 2014b).

Briefly, USVs potentially reflect a ‘rat language’ that is as yet largely unexplored. The acoustic
and behavioural complexities of 50-kHz calls may provide important information that can be

harnessed to create more robust and informative animal models of neuropsychiatric conditions.

Associations of 50-kHz USVs with affect

The occurrence of 50-kHz calls in appetitive situations has led to the proposal that the 50-kHz
call rate provides a measure of positive affective state. Although we cannot explicitly know
whether positive affect exists in rats, many researchers in the USV field assume this to be true
(Panksepp and Burgdorf 2000; Knutson et al. 2002; Panksepp and Burgdorf 2003; Covington, IlI

and Miczek, 2003; Brudzynski 2007; Stevenson et al., 2009; Burgdorf et al. 2009; Mallo et al.
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2009; Meyer et al. 2011; Browning et al. 2011; Burgdorf et al., 2011; Rygula et al. 2012; Wohr
and Schwarting, 2013; Berger et al., 2013; Pereira et al. 2014; Binkley et al. 2014; Kisko et al.
2015). In this thesis, we are assuming that rats experience affect. In the following section, I first
describe the main lines of supportive evidence for a role of 50-kHz calls in affect, and in a
subsequent section, | will discuss evidence that challenges this hypothesis. First, then, the
supportive evidence based on 50-kHz call rate:

(1) Both amphetamine and cocaine reliably elicit 50-kHz calls (Ahrens et al., 2009; Wright et al.,
2010; Ma et al. 2010; Wright et al. 2012b; Simola et al. 2014). Moreover, rats that produced
more calls in response to an acute amphetamine injection also produced a larger CPP, a validated
measure of reward (Ahrens et al., 2013). Similarly, rats that attribute greater incentive salience to
a reward cue also produce more 50-kHz vocalizations when injected with cocaine or when

exposed to a cocaine cue (Meyer et al., 2011).

(2) Alcohol dependent rats increased their 50-kHz call rate when exposed to an alcohol-
associated context (Buck et al. 2014a). In addition, both dependent and non-dependent rats
increased their 50-kHz call rate in anticipation of alcohol availability. Collectively, these
findings suggest that 50-kHz USVs may be a reliable predictor of the motivational effect of

rewarding stimuli.

(3) Adult rats make 50-kHz calls when playing with other rats (Burgdorf et al. 2008) and when
tickled by an experimenter (“heterospecific play”)(Panksepp and Burgdorf, 2000; Panksepp and
Burgdorf, 2003; Rygula et al., 2012; Popik et al., 2014). Both types of play appear rewarding;
conspecific play produces a CPP (Thiel et al. 2008), and rats that have been tickled will

subsequently approach the experimenter's hand (Panksepp and Burgdorf, 2000). Tickling has
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also been shown to bias responses to positive outcomes during ambiguous cue testing (Panksepp
and Burgdorf, 2000; Rygula et al., 2012). Taken together, playful social interactions seem to

produce a positive affective state that is reflected by 50-kHz call emission.

(4) Adult rats have also been shown to approach loudspeakers emitting pre-recorded 50-kHz
calls, but not other sounds, including 22-kHz calls, time- and amplitude-matched white noise or
background noise (Wohr and Schwarting 2007; Sadananda et al., 2008; Seffer et al., 2014;

Willuhn et al. 2014).

(5) Receipt of other natural rewards, such as food and access to an exercise wheel, increases 50-

kHz call emission (Brenes and Schwarting, 2014; Heyse et al. 2015).

(6) Anticipation of rewards is also associated with high rates of 50-kHz calling, as shown in
studies of rewarding electrical brain stimulation (Burgdorf et al., 2000), food reward (Buck et al.

2014b; Opiol et al., 2015), and social contact (Brudzynski and Pniak, 2002).

(7) Food-deprived rats emit fewer 50-kHz vocalizations, presumably reflecting a negative
affective state (Brenes and Schwarting, 2014). Sated rats maintain 50-kHz calling although they
seek and consume little food; this suggests that these call potentially serve to express some

aspect of reward rather than immediate physiological demands.

(8) Rats that are selectively bred for high rates of 50-kHz calling exhibit less anxiety-related

behaviour, are less aggressive and more playful (Burgdorf et al., 2009; Brudzynski et al. 2011).

(9) Lastly, intracerebral drug injections, which produce behavioural effects suggestive of positive

affect, induce 50-kHz production. For example, 50-kHz calls are emitted following intra-VTA
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injections of a p-opioid agonist, at doses previously found to be rewarding (Burgdorf et al.,
2007). Similarly, neuronal activation of the NAcc occurs in response to playback of 50-kHz calls

(Sadananda et al., 2008).

The above findings (see summary in Table 1) all suggest that the 50-kHz call rate may serve as a
sensitive, direct and non-invasive measure that quantifies the extent to which positive affect is
elicited by natural (e.g. food) and drug rewards (e.g. psychostimulants) as well as positive

internal states (e.g. social interactions).

Inconsistencies in the evidence for a role of 50-kHz USVs in affect and reward

Not all lines of evidence, however, support a straightforward association between 50-kHz calls
and positive affect. For example, 50-kHz vocalizations are emitted during aggressive encounters,
(Thomas et al., 1983; Haney and Miczek 1993; Miczek et al. 1995), morphine withdrawal
(Vivian and Miczek, 1991), and in response to painful stimuli (Dinh et al. 1999; Niel and Weary
2006). Moreover, not all rewarding drugs produce 50-kHz calls; in a recent study from our
laboratory, doses of morphine that produced a clear CPP did not elicit 50-kHz calls (Wright et al.
2012a). In addition to morphine, MDMA, nicotine and alcohol all also produce reward in various
behavioural measures (Green and Grahame 2008; De and Dani 2011; Roger-Sanchez et al. 2013)

but did not induce 50-kHz USVs (Simola et al., 2012; Simola et al., 2014).

Thus, the simple notion that 50-kHz call rates serve to measure positive affect is most likely

incorrect. An alternative hypothesis is that positive affect is represented, not by the rate of

vocalization, but by the emission of one or more 50-kHz call subtypes.

26



Table 1 Summary of evidence and inconsistencies for a role of 50-kHz calls as a measure of

affect.

Evidence supporting a role for 50-kHz calls in affect

Reference(s)

Manipulation and/or
stimulus

Main result(s)

Ahrens et al. 2009; Wright et
al. 2010; Ma et al. 2010;
Wright et al. 2012b; Simola et
al. 2014

Systemic administration of
amphetamine or cocaine

Increase in 50-kHz call rate

Ahrens et al. 2013

Amphetamine conditioned
place preference (CPP)

Larger CPP in rats that
produced more 50-kHz
vocalizations

Meyer et al. 2011

Response to cocaine cue

More 50-kHz calls following a
cocaine injection in rats that
also attribute greater incentive
salience to a cocaine-cue

Buck et al. 2014

Alcohol administration
(vapor)

Alcohol-dependent rats emit
more calls in response to the
alcohol-associated
environment and in
anticipation of alcohol receipt

Burgdorf et al. 2008

Play behaviour with a cage
mate

Increase in 50-kHz calls
emitted during play

Panksepp and Burgdorf 2000;
Panksepp and Burgdorf 2003;

Rygula et al. 2012; Popik et al.

2014

Experimenter-delivered
tickling (‘heterospecific play’)

Rats emit 50-kHz calls when
tickled

Wohr and Schwarting 2007;
Sadananda et al. 2008; Seffer
et al. 2014; Willunh et al.
2014

Approach behaviour

Rats will approach a speaker
emitting 50-kHz calls vs. other
tones

Brenes and Schwarting 2012

Receipt of food

Rats emit 50-kHz calls in
response to food delivery

Heyse et al. 2015

Access to an exercise wheel

Rats seek the exercise wheel
and emit 50-kHz calls when
presented with it

Burgdorf et al. 2000

Receipt of rewarding electrical
brain stimulation (EBS)

Anticipatory 50-kHz calls to
EBS

Buck et al. 2014; Opiol et al.
2015

Receipt of food

Anticipatory 50-kHz to food
delivery

Brudzynski and Pniak 2002

Social contact

Anticipatory 50-kHz calls to
social contact with a
conspecific
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(continuation) Evidence supporting a role for 50-kHz in affect

Reference(s)

Manipulation and/or
stimulus

Main result(s)

Brenes and Schwarting 2014

Food deprivation

Food-deprived rats emit fewer
50-kHz vocalizations

Burgdorf et al. 2009;
Brudzynski et al. 2011

Selective breeding for 50-kHz
calls

Rats bred to emit high rates of
50-kHz calls exhibit less
anxiety-related behaviour, are
less aggressive and more

playful

Burgdorf et al. 2001; Burgdorf
et al. 2007; Fendt et al. 2006

Intra-cerebral injections of
rewarding drugs

Increase in 50-kHz call
emission

Sadananda et al. 2008

Neuronal activation of brain
region involved in reward
processing

Nucleus accumbens activation
following playback of 50-kHz
calls

Evidence against a role for 50-kHz calls in affect

Thomas et al. 1983; Haney
and Miczek 1993; Miczek et
al. 1995

Aggressive encounters

Increase in 50-kHz call rate
during aggressive encounters
with a dominant conspecific

Vivian and Miczek 1991

Morphine withdrawal

Occurrence of 50-kHz calls
during withdrawal

Dinh et al. 1999; Niel and
Weary 2006

Painful stimuli

Increase in 50-kHz calls in
response to footshock

Wright et al. 2012a; Simola et
al. 2012, Simola et al. 2014

Administration of rewarding
drugs

Several rewarding drugs
(morphine, MDMA, nicotine
and alcohol) failed to induce
50-kHz call emission

The role of dopamine in reward

In 1957, Carlson (Carlsson et al. 1957) first proposed dopamine as a neurotransmitter and since

then, its many roles have been extensively studied. Dopamine plays a role in several important

functions including learning and motivation (Wise 2004; Everitt and Robbins 2005), working

memory (Grecksch and Matties 1981; Goldman-Rakic 1995) and motor output (Pearlstein 2013).

Not surprisingly then, disruptions in DA signaling are associated with numerous disorders

including Parkinson’s disease (Blesa and Przedborski 2014), schizophrenia (bi-Dargham 2014),

addiction (Leyton and Vezina 2014) and mood disorders (Lammel et al. 2014).
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Most DA-related research has focused on its role in reward processing (Di Chiara and Bassareo
2007; Berridge and Kringelbach 2008; Bromberg-Martin et al. 2010), and the mesolimbic DA
circuit is often referred to as a ‘reward pathway’. More specifically, DA plays a multitude of
roles in reward-related processes: effort (Salamone et al. 2007; Trifilieff et al. 2013), stimulus-
reward learning (Flagel et al. 2011), incentive salience (Smith et al. 2011), approach behaviour
and reward seeking (Ranaldi 2014), reward-prediction error (Porter-Stransky et al. 2013; Schultz
2013), reward evaluation (McCutcheon et al. 2012; Howe et al. 2013), motivation (Salamone and
Correa 2012; Richard et al. 2013) and hedonia (Faure et al. 2010). In recent years, new
techniques have allowed us to explore DA’s roles with finer temporal and spatial resolution
(Wickham et al. 2013). For example, voltammetric recordings have revealed regional variations
of phasic DA release in the NAcc in response to natural and drug rewards (Cameron et al. 2014;

Shnitko et al. 2014).

While the role of DA in reward-prediction was proposed almost two decades ago (Schultz et al.
1997), only in the past few years have subtleties in the downstream signaling mechanisms
emerged. For example, changes in phasic DA concentrations in the NAcc appear sufficient to
encode reward-prediction errors necessary for reinforcement learning (Hart et al. 2014). In
addition, phasic DA release signals the temporal and spatial proximity of rewards, as well as
their value (Howe et al., 2013). Changes in phasic DA dynamics also reveal distinctions between
drugs within a given drug class (Vander Weele et al. 2014). The amplitude of dopamine currents
have also been shown to reflect an intricate interplay between the size of a reward and the cost in

obtaining it (Gan et al. 2010; Hollon et al. 2014). Another recently-emerged technique, namely

29



optogenetics, has allowed us to further probe the role of VTA DAergic neurons in reward and
reinforcement. While selective activation of VTA DAergic neurons produces CPP and rats will
actively self-stimulate this region (Tsai et al. 2009; Witten et al. 2011; Ilango et al. 2014a; Ilango
et al. 2014b), inhibition of this same VTA neuronal population induces aversion as shown by

place avoidance (llango et al., 2014b).

Modes of dopamine release

Dopaminergic neurons can signal in two distinct ways: through tonic and phasic DA release
(Grace and Bunney 1984a; Grace and Bunney 1984b). Tonic DA release results from regular,
pacemaker-like activity of DAergic neurons (Grace and Bunney, 1984b) and produces sustained
extracellular DA concentrations (Keefe et al. 1993) that appear important for motivation
(Berridge and Robinson 1998; Salamone and Correa 2002) and effort-based decision making
(Niv 2007; Kurniawan et al. 2011). Phasic DA release occurs when DAergic neurons burst fire;
the latter occurs on a subsecond to second timescale and leads to high concentrations of
extracellular DA (Paladini and Roeper 2014). Reuptake of these large quantities of DA occurs
rapidly via DA transporters (Chergui et al. 1994; Suaud-Chagny et al. 1995) and therefore
released DA remains very close to the synapse (Venton et al. 2003; Floresco et al. 2003). These
DA transients occur in response to motivationally relevant events (Brown et al. 2011;
McCutcheon et al., 2012; Park et al. 2012), and appear to signal the probability of reward
availability (Fiorillo et al. 2003) and also the scalar difference between expected and actual
rewards (Schultz 1997). In this way, transient DA release helps the animal to learn to associate

relevant environmental cues with important events (Wassum et al. 2013). Phasic DA release is
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therefore important for positive reinforcement and learning (Wanat et al. 2009; Willuhn et al.

2010; Wickham et al., 2013).

Furthermore, these two methods of DA release are thought to activate distinct signal transduction
cascades through the activation of different postsynaptic G protein-coupled receptors (Floresco
et al., 2003; Goto and Grace 2005). More specifically, phasic DA primarily activates low-affinity
D1 receptors to facilitate limbic inputs, whereas tonic DA has been shown to increase high-
affinity D2 receptor activation (Gonon 1988; Richfield et al. 1989). These distinct signaling
events have also been found to produce behaviourally selective effects (Schultz 2007; Tsai et al.,

2009; Marinelli and McCutcheon 2014).

The role of DA in 50-kHz USV production

Several neurotransmitters have been shown to play a role in the production of 50-kHz calls (Fu
and Brudzynski 1994; Brudzynski and Barnabi 1996; Wintink and Brudzynski, 2001; Arnold et
al. 2010; Sadananda et al. 2012; Wright et al., 2012b; Wright et al., 2013; Chapter 2: Scardochio
and Clarke, 2013; Wohr et al. 2015). As discussed above, both USVs and DA have been
associated with reward and reinforcement and several studies support a role for DA in the
production of 50-kHz calls. The main evidence is as follows:

1) 50-kHz calls are reliably increased by systemic or intracerebral administration of
psychostimulants that increase DA release and/or prevent DA reuptake (Burgdorf et al., 2001,
Wintink and Brudzynski, 2001; Thompson et al., 2006; Ahrens et al., 2009; Ma et al., 2010;
Taracha et al. 2012; Wright et al., 2013; Mahler et al. 2013; Simola et al. 2013; Wohr et al.,

2015).
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2) Electrolytic and dopamine-depleting lesions of mesolimbic structures decrease 50-kHz calls
(Burgdorf et al., 2007).

3) Systemic administration of DAergic antagonists decreases both spontaneous and AMPH-
induced 50-kHz calls (Wright et al., 2013; Chapter 2: Scardochio and Clarke, 2013).
Furthermore, intra-VTA injections of dopaminergic antagonists decrease 50-kHz calling
(Burgdorf et al., 2007). Conversely, microinjections of DAergic receptor agonists into the NAcc
increased 50-kHz calls (Brudzynski et al. 2012).

4) Electrical stimulation at several levels of the mesolimbic DA system, including the VTA and
NAcc, either increases the 50-kHz call rate (Burgdorf et al., 2007) or produces anticipatory 50-
kHz calling (Burgdorf et al., 2000).

5) Several behaviours that are accompanied by high rates of 50-kHz calling are associated with
elevated extrasynaptic DA concentrations, as follows. Increased tonic DA levels in the NAcc
have been reported during heterospecific play (i.e. "tickling") (Hori et al. 2013). Second,
increased phasic DA release was observed in the NAcc when rats approached a speaker emitting
50-kHz USVs (Willuhn et al., 2014) or when they viewed a cage mate receiving a reward

(Kashtelyan et al. 2014).

In addition to this supporting evidence for a role of DA in the production of 50-kHz calls, there
exist several inconsistencies in the literature. First, Williams and Undieh found no effect of
systemically administered DA agonists or antagonists on 50-kHz call rate (Williams and Undieh
2010). Second, intra-NAcc microinjection of the D2 antagonist haloperidol increased 50-kHz
call rate (Thompson et al., 2006). Lastly, increasing DAergic transmission through DA

transporter inhibition did not increase the 50-kHz call rate (Wright et al. 2013).
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Overview of the methods used in this thesis work

Recording rat USVs

Specialized hardware is required to identify rat vocalizations above the human hearing range.
Less than a decade ago, rat USVs were typically recorded using super-heterodyne or frequency-
division bat detectors; however, both techniques come with important drawbacks. First, super-
heterodyne bat detectors must be tuned to a specific frequency range (typically = 5 kHz centred
on the set frequency), and since 50-kHz vocalizations collectively encompass a much broader
range (30-90 kHz), the use of this hardware results in a substantial loss of 50-kHz calls (Sales
and Pye 1974; Parsons 2000). Second, with frequency-division bat detectors, the frequency of
the emitted USV is divided by a predetermined factor (e.g. 10), making it audible to humans.
This division results in distortion of the calls and loss of acoustic features (e.g. harmonics,
frequency modulation, etc.) that are essential for call categorization (Parsons, 2000). In the
experiments described in this thesis, we have instead used broadband recording methods which
capture the acoustic information of rat USVs with minimal information loss. Thus, the
microphone signal is amplified and sampled at a high rate (e.g. 250 kHz). The digitized
information is then subjected to a Fast Fourier transform in order to resolve different frequency
components that can then be visualized in a frequency-time spectrogram (Fig. 1). This method
allows us to capture calls that might occur within the relevant frequency range (20-100 kHz) and

to extract the acoustic features that are important for call subtyping.
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Fig. 1 Example spectrogram containing two amphetamine-induced 50-kHz vocalizations emitted

by a single rat, obtained using a high-frequency recording system.

In this thesis, calls were manually selected and subtyped by an experimenter who was blind to
the treatment conditions; this can prove to be a very time consuming procedure. It has been a
challenge in the field to develop a software program capable of automatically detecting calls with
high fidelity, given the complexity of 50-kHz calls (with 14 subtypes so far described) and the
acoustic heterogeneity existing within each subtype (Wright et al., 2010). Recently, one group
created a program called WAAVES (WAV-file Automated Analysis of VVocalizations
Environment Specific) to automatically detect and categorize calls into one of two categories:
flat or frequency-modulated (Reno et al. 2013). Since then, another group has published an open-
source detection program using template detection created from a large library of calls from three

different laboratories (Barker et al. 2014a). Although in its early stages of use, this open-source

34



detection method is reported to provide up to 90-95% accuracy (dependent on type of call). One

improvement for this program would be to expand its use to the detection of 22-kHz calls.

Fast-scan cyclic voltammetry (FSCV)

The FSCV technique relies on the oxidation and reduction of electroactive compounds in the
extracellular milieu at potentials that are specific to each analyte (with one exception, see below)
(Heien et al. 2003). These redox reactions are induced by applying a range of electrical potentials
between a recording ("working") electrode and a reference electrode. The potential (i.e. voltage)
at the working electrode is systematically varied; each scan (i.e. recording) involves a rapid
upward and downward ramp, and lasts 8.5 ms (Clark et al. 2010). Each scan promotes oxidation
and then reduction of the chemical of interest (here: DA). These electrochemical events produce
a measurable current (i.e. Faradaic current) flowing between the electrodes. The magnitude of
the currents at the peak oxidation and reduction potentials is proportional to the local
concentration of the analyte molecule. The background current, due mostly to the capacitive
current but also oxygen reduction and other processes at the electrode surface (Takmakov et al.
2010), is stable over short periods of time (e.g. length of scan), allowing it to be subtracted from
the readout. This electrochemical output is represented as current against applied potential and is
referred to as the background-subtracted cyclic voltammogram (CV). Potential sweeps are
applied at a small electrode tip (typically measuring 7 um in diameter) and can be repeated
rapidly (e.g. every 100 ms), thus providing excellent spatial and temporal resolution (Clark et al.,
2010). Each CV is specific to the compound of interest and thus serves as an electrochemical
signature for its identification. One exception to this electrochemical signature specificity is with

catecholamines: noradrenaline and DA are virtually indistinguishable due to their similar redox
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potentials (Heien et al., 2003). Therefore, other verifications must be made to distinguish the
two. For example, in the work described in this thesis, | selected a brain subregion that contains
primarily the catecholamine of interest (DA), and | applied pharmacological agents with known

effects on catecholamine concentrations.

In order to perform chronic recordings in freely moving animals, | used the in vivo FSCV
procedure which was recently developed in the lab of Dr. Paul Phillips (Clark et al., 2010). This
procedure, which uses a modified working electrode design (Fortin et al. 2015), permits the

detection of phasic catecholamine release ten times per second, in freely moving animals.

Optogenetics

In the 1970s, a basic question - how microscopic organisms sense light - initiated a 40-year
investigation that, in 2010, led Dr. Karl Deisseroth to introduce the use of optogenetics to probe
mammalian brain structures in vivo (Zhang et al. 2010). Optogenetic procedures use light to
produce cellular activation or inactivation via light-sensitive channels (opsins). Briefly, the first
step is to build a genetic construct using: 1) specific recombination sites and 2) a gene encoding
an opsin. This construct is then inserted into a virus which in turn can be injected into a region of
interest. After viral infection, this transgene integrates into the host genome resulting in stable
expression of the protein. Rats and mice can be genetically engineered to express an enzyme in
specific types of cells. This enzyme recombines a pair of target sequences in the genetic
construct, allowing the gene of interest to be activated. Light can then be used to activate the
opsin, resulting in cell- and region-specific cellular activation (for review see: Williams and

Deisseroth 2013).
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The optogenetic approach has allowed us to selectively stimulate midbrain DA neurons to fire
transiently (Tsai et al., 2009; Britt et al. 2012). We achieved neurochemical specificity by using
genetically engineered rats that expressed Cre recombinase, a tyrosine recombinase enzyme,
selectively in DAergic neurons (Tsai et al., 2009; Witten et al., 2011). Viral constructs coding for
channelrhoposin-2 were injected into the VTA. Blue light was then used to activate the
channelrhodopsins, producing an influx of cations and depolarization of DA neurons. Peak
photo-excitation and subsequent neuronal activation occurs within approximately 10 ms, and the
opsin channel decays back to a closed state within 10-40 ms (Lorenz-Fonfria and Heberle 2014).
Thus, this light-driven neuronal activation can produce phasic DA release in terminal regions
(Bass et al. 2010; McCutcheon et al. 2014; Melchior et al. 2015).

In summary, then, optogenetics allows researchers to selectively modulate the activity of specific

neurons in model organisms, to investigate the structure and function of neural networks.
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STATEMENT OF PURPOSE

As reviewed in Chapter 1, adult rat 50-kHz ultrasonic vocalizations are often associated with
contexts and events that putatively involve positive affect and reward. Dopamine has been
proposed to play a role in the emission of these calls. However, the published findings
concerning the role of dopamine are partially conflicting and do not form a cohesive picture.
Therefore, the overall aim of this thesis was to provide a re-examination of the role of dopamine

in the emission of 50-kHz calls.

Amphetamine reliably increases the rate of 50-kHz calling in adult rats, through both
noradrenergic and dopaminergic mechanisms. However, increasing noradrenergic and/or
dopaminergic transmission via transporter blockade failed to increase calls. Dopamine
transmission can occur in two ways (tonic and phasic), with different behavioural consequences.
The first specific aim (Chapter 2) was to determine whether activation of dopaminergic
receptors was sufficient to increase vocalizations. Our first main hypothesis was that selective
pharmacological activation of dopamine receptor subtypes would increase 50-kHz call emission.
Here, we also co-administered D1 and D2-selective dopaminergic agonists in order to test

whether co-activation of these receptors is required for 50-kHz call production.

In Chapter 2, we showed that while dopamine transmission was necessary for the production of
ultrasonic vocalizations (i.e. dopamine antagonists decreased calling), tonic receptor stimulation
was not sufficient (i.e. dopamine agonists did not increase calls). Unexpectedly, both dopamine
agonists and antagonists decreased call rate. This result led to our second specific aim, which

was to investigate the role of phasic dopamine release on 50-kHz call emission in the drug-free
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state. Our second main hypothesis (Chapter 3) was that phasic dopamine release would coincide
with the production of ultrasonic vocalizations. As a first approach, ultrasonic vocalizations were
recorded before and after intermittent electrical stimulation of the medial forebrain bundle.
Electrically-evoked phasic dopamine release was verified in the nucleus accumbens by fast-scan
cyclic voltammetry. Since electrical stimulation of the medial forebrain bundle is not dopamine-
selective, we then used an optogenetic approach to selectively activate ventral tegmental area
dopaminergic neurons; we hypothesized that optogenetic stimulation would elicit ultrasonic

vocalizations in a time-locked manner.

Our third and final main aim (Chapter 4) was to assess a possible role for phasic dopamine
release in the emission of amphetamine-induced vocalizations. Specifically, we hypothesized
that amphetamine-induced 50-kHz calling occurs through the drug's ability to facilitate phasic
dopamine release. Accordingly, we predicted that a direct dopamine agonist, by tonically
occupying postsynaptic receptors, would impede amphetamine-induced ultrasonic vocalization
emission. To this end, phasic dopamine release and ultrasonic vocalizations were recorded
following systemic administration of one of five doses of amphetamine. The timing and subtype
of calls were studied in relationship to the occurrence of transients, the number of transients and

the peak dopamine current.
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CHAPTER 2: Inhibition of 50-kHz ultrasonic vocalizations by dopamine
receptor subtype-selective agonists and antagonists in adult rats

Tina Scardochio and Paul B.S. Clarke

Psychopharmacology (Berl) (2013), 223(6):589-600
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Abstract

Rationale Adult rats emit ultrasonic calls at around 22 kHz and 50 kHz that are often elicited by
aversive and rewarding stimuli, respectively. Dopamine (DA) plays a role in aspects of both

reward and aversion.

Obijective To investigate the effects of DA receptor subtype-selective agonists on 22-kHz and 50-

kHz call rate.

Methods Ultrasonic calls were recorded in adult male rats that were initially screened with
amphetamine to eliminate low 50-kHz callers. The remaining subjects were tested after acute
intraperitoneal or subcutaneous injection of the following DA receptor-selective agonists and
antagonists: A68930 (D1-like agonist), quinpirole (D2-like agonist), PD 128907 (D3 agonist),
PD 168077 (D4 agonist), SCH 39166 (D1-like antagonist), L-741,626 (D2 antagonist), NGB
2904 (D3 antagonist) and L-745,870 (D4 antagonist). The indirect DA/noradrenaline agonist

amphetamine served as a positive control.

Results As expected, amphetamine strongly increased 50-kHz call rate. In contrast, D1-, D2- and
D3-selective DA receptor agonists when given alone inhibited calling; combinations of D1- and
D2-like agonists also decreased call rate. Given alone, the D1-like and D3 antagonists
significantly decreased call rate, with a similar trend for the D2 antagonist. Agonist-antagonist
combinations also decreased calling. The D4 agonist and antagonist did not significantly affect

50-kHz call rate. 22-kHz calls occurred infrequently under all drug conditions.

Conclusion Following systemic drug administration, tonic pharmacological activation of D1-like
or D2-like DA receptors, either alone or in combination, does not appear sufficient to induce 50-
kHz calls. Dopaminergic transmission through D1, D2 and D3 receptors appears necessary for

spontaneous calling.
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Introduction

Adult rat ultrasonic vocalizations (USVs) are commonly divided into two main categories: calls
in the 20-30 kHz range, termed 22-kHz USVs, and calls in the 35-90 kHz range, termed 50-kHz
USVs (Portfors 2007). These two categories have been proposed to indicate negative and
positive affective states, respectively (Knutson et al. 2002; Wo6hr and Schwarting 2012). For
example, 22-kHz calls are emitted during confrontation with an aggressive conspecific or feline
predator, and in response to painful stimuli (Sales 1972b; Cuomo et al. 1988; van der Poel et al.
1989; Blanchard et al. 1991). In contrast, 50-kHz calls have been reported during rough-and-
tumble play, copulation, and in anticipation of food delivery (Sales 1972a; Knutson et al. 1998;
Burgdorf et al. 2000). However, the association between USV categories and affective valence
appears more complex; notably, male rats emit 22-kHz calls after ejaculation (Barfield and
Geyer 1972) and emit 50-kHz calls as well as 22-kHz calls during inter-male aggression (Sales

1972b; Thomas et al. 1983).

Evidence from several studies suggests that dopaminergic (DAergic) neurotransmission plays a
key role in the emission of 50-kHz calls in adult rats. For example, psychostimulant drugs
(amphetamine, methylphenidate and cocaine) which increase dopamine (DA) release and/or
block reuptake at the somatodendritic and terminal level (Kalivas et al. 1989; Sulzer 2011)
increase the emission of 50-kHz calls (Burgdorf et al. 2001; Wintink and Brudzynski 2001;
Thompson et al. 2006; Ahrens et al. 2009; Wright et al. 2010; Meyer et al. 2011; Browning et al.
2011; Brudzynski et al. 2012; Simola et al. 2012; Wright et al. 2012a; Wright et al. 2012b;
Wright et al. 2012c). However, all the above indirect DAergic agonists exert additional, non-

DAergic effects, and it is therefore important to note that several DAergic antagonists have been
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found to markedly inhibit amphetamine-induced 50-kHz calling (Wright et al. 2012b).

Attempts to selectively activate DAergic receptors have, in contrast, produced conflicting
findings. For example, 50-kHz call rate was increased by intra-accumbens microinjection of the
D2/D3 agonist (quinpirole; Brudzynski et al. 2012) and by a D2-like receptor antagonist
(haloperidol; Thompson et al. 2006). To date, only two studies have investigated the effects of
systemically-administered D1- and D2-like drugs on spontaneously-emitted 50-kHz USVs. In the
first of these, neither the agonists nor antagonists affected call rate but baseline call rates were
low (Williams and Undieh 2010). In the second, both D1-like and D2-like antagonists inhibited
calling (Wright et al. 2012b). However, in the two latter studies, the test drugs were only
selective for D1-like vs. D2-like receptor families rather than individual DA receptor subtypes
(Andersen and Jansen 1990; Gehlert et al. 1992; Ruskin et al. 1998; Boulougouris et al. 2009).
The main aim of the present study was therefore to investigate the acute effects of DA receptor
subtype-selective drugs on 50-kHz calls. To this end, we recorded USVs following acute
systemic administration of DA receptor subtype-selective agonists, antagonists and several
agonist-antagonist combinations. Given that DA also plays a role in aversion (Bromberg-Martin
et al. 2010, Lammel et al. 2012), we simultaneously recorded 22-kHz vocalizations. Finally,
since functional synergy is sometimes observed between D1-like and D2-like DA receptors
(Clark and White 1987; LaHoste et al. 2000) we also tested combinations of a D1- and a D2-like

agonist.
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Methods

Subjects

Twenty experimentally-naive male Long-Evans rats (Charles River Laboratories, St. Constant,
Quebec, Canada) were used in each experiment (total of 140 rats). Rats initially weighed 268-
356 g at the beginning of the experiment. Subjects were housed two per cage in a temperature-
and humidity-controlled colony room (20-22°C, 50-60%). Home cage bedding consisted of
laboratory grade Sani-Chips (Harlan Laboratories, Indianapolis, IN). Rats were maintained on a
reverse 12:12 h light/dark cycle, with lights off at 0700 h. Behavioural testing took place during
the dark phase of the subjects’ cycle, between 0800 h and 1300 h. Food and water were available
ad libitum, except during testing. Subjects were each handled once daily for three minutes, on
two days before the first experimental day. Exceptionally, in Experiment 1, subjects were
handled on five days before the start of testing. All procedures were approved by the McGill
Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal

Care.

Experimental protocol

Initial amphetamine screen Each experiment began with an initial amphetamine screen (Wright
et al. 2012c). This served two purposes: (1) to exclude the significant minority of rats that emit
few 50-kHz vocalizations in response to systemic amphetamine (Wright et al. 2010), and (2) to
increase the acute response to this drug, which was also used as a positive control in later testing.
Briefly, rats (n=20) were given an acute injection of 1 mg/kg amphetamine immediately before
placement in testing chambers (once daily 20-min session, on three days, spaced two days apart).

Ultrasonic vocalizations occurring in the 12", 14™ and 16™ minutes of day 3 were counted. The 8
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rats with the lowest call numbers were not tested further, leaving a group size of 12.

Drug tests A separate group of rats was used for each experiment (n=12) except Experiments 4
and 8 which were completed with the same group of rats (n=12). Each rat received 5-16 test
sessions, depending on the experiment, spaced two days apart. Fully parametric within-subject
designs were employed (i.e. each rat was tested under each drug condition). Amphetamine (1
mg/kg IP) served as a positive control throughout. The order of drug treatment within an
experiment was as nearly counterbalanced as subject numbers allowed. By visual inspection,
physical appearance and any unusual behaviours were noted before all injections, between

injections (where applicable) and after each injection and test session.

Drugs

All test drugs, doses, injection timings and routes of administration are shown in Table 1. All
doses were chosen based on behavioural effectiveness in other assays (Hoffman and Beninger
1988; Al-Naser and Cooper 1994; Bartoszyk 1998; Hsieh et al. 2004; Millan et al. 2004a; Fenu
et al. 2005; Melis et al. 2006; Xi and Gardner 2007). The following drugs were used: the D1-like
agonist A68930 hydrochloride, D1-like antagonist SCH 39166 hydrobromide, D2/D3 agonist (-)-
quinpirole hydrochloride, D2 antagonist L-741,626, D3 agonist (+)-PD 128907 hydrochloride,
D3 antagonist NGB 2904, D4 agonist PD 168077 maleate and the D4 antagonist L-745,870
trihydrochloride. Drugs were purchased from Tocris Bioscience (Minneapolis, MN), except for
d-amphetamine (Sigma-Aldrich, Poole, UK), A68930 and quinpirole (Sigma Aldrich, Oakville,
ON). All drugs were dissolved in 0.9% sterile saline, with the following exceptions: (1) L-741,
626 was dissolved in 22% DMSO/78% deionized water v/v and (2) NGB 2904 was dissolved in

a 5% wi/v solution of 2-hydroxypropyl-A-cyclodextrin in deionized water. The timing of each

45



control (vehicle) injection matched that of the respective drug. Drug solutions were pH-matched
to the corresponding vehicle solution (pH 5.6-7.0). All doses are expressed as salt. Drugs were
administered in a volume of 1 ml/kg except for: (1) A68930 in Experiments 1 and 5 (2) NGB
2904, and (3) L-741,626, which were all administered in a volume of 2 ml/kg, as were their
corresponding vehicles. All drugs were administered by the intraperitoneal (IP) or subcutaneous

(SC) route (see Table 1).

Acoustic data acquisition and analysis of ultrasonic vocalizations

The apparatus, testing procedure and acoustic analysis were as previously described (Wright et
al. 2012c). Testing was carried out in clear Plexiglas™ experimental boxes (ENV-007CT, Med
Associates, St. Albans, VT), each enclosed in a separate melamine compartment that was lined
with sound-attenuating acoustic foam (Primacoustic, Port Coquitlam, BC). Condenser ultrasound
microphones (CM16/CMPA, Avisoft Bioacoustics, Berlin, Germany) were placed above a small
(5 cm diameter) hole, located at the top center of each experimental box. The microphones were
located 15-30 cm from the rat. Microphone signals were delivered to an UltraSoundGate 416H
data acquisition device (Avisoft Bioacoustics) with a sampling rate of 250 kHz and 16-bit
resolution. Avisoft SASLab Pro software (version 5.1.14, Avisoft Bioacoustics, Berlin,
Germany) was used for acoustical analysis. Spectrograms were created with a Fast Fourier
Transform (FFT) length of 512 points and an overlap of 75% (FlatTop window, 100% frame
size) yielding a frequency resolution of 490 Hz and a time resolution of 0.5 ms. Calls were

selected manually from spectrograms by an individual masked to treatment conditions.
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Data analysis and statistics

Data were analyzed using commercial software (Systat v11, SPSS, Chicago, IL; GraphPad
Software, La Jolla, CA). Calls between 20-30 kHz were rarely observed and were not analyzed
statistically. Call rate was defined as the total number of 50-kHz calls per minute. Analyzed time
bins (see Table 1) were evenly spaced across the session, and the session duration was chosen
based on the behavioural time course of each drug. Use of parametric vs. non-parametric tests
depended on the distribution of the data. For example, non-parametric tests were used where the
variances were heterogeneous. Multiple comparison tests were performed using Wilcoxon
signed-rank tests. Single comparisons were done using paired t-tests for vehicle conditions in all
experiments except Experiment 7. Differences between multiple vehicles were assessed by
Friedman’s non-parametric analysis of variance. For all tests, a two-tailed p-value less than 5%

was considered significant.

Results

Initial amphetamine screen, and subsequent saline and amphetamine tests

Since 22-kHz calls were seldom observed, they are reported only under Other Observations
(below). During the initial amphetamine screen, the median 50-kHz call rate was 32 calls/min
with an interquartile range (IQR) of 5.5-61 (i.e. pooling all 140 rats from all experiments); with
the low-callers removed from each experiment (see Methods), the median 50-kHz call rate was
54 calls/min, IQR 40-77 (i.e. pooling the 84 remaining rats). During drug testing blocks, the call
rate was much lower under control conditions (i.e. after saline injection, median=3 calls/min,
IQR 1-13, n=84 rats) than after amphetamine administration (median=61 calls/min, IQR 28-85).
This call-promoting effect of amphetamine was significant in all eight experiments (Wilcoxon’s

signed-rank test, Z=2.824 to 3.059, p<0.01 for each).
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Experiments 1-4: Receptor subtype-selective dopamine agonist dose-response relationships
For each experiment, the two control (vehicle) tests did not significantly differ with respect to
50-kHz call rate and these data were averaged for each rat.

D1-like agonist A68930 (0.0625-4 mg/kg) significantly decreased the 50-kHz call rate at the
three highest doses (Wilcoxon, Z=2.357-3.059, p<0.05 to p<0.01; Figs. 1A and B).

D2/D3 agonist Quinpirole (0.033-1 mg/kg) inhibited 50-kHz calling at all doses tested

(Wilcoxon: Z=1.961-3.059, p<0.05 to p<0.01; Figs. 1C and D).

D3 agonist PD 128907 (0.001-1 mg/kg) significantly reduced the 50-kHz call rate at all doses
except the second lowest (Wilcoxon, Z=1.961-2.825, p<0.05 to p<0.01; Figs. 1E and F).
D4 agonist PD 168077 (0.033-1 mg/kg) did not significantly affect 50-kHz call rate, except at

the second lowest dose (Wilcoxon: Z=2.118, p<0.05; Figs. 1G and H).

Experiment 5: Combination of D1-like and D2/D3-selective agonists

We next tested the D1-like agonist, A68930, and the D2/D3 agonist, quinpirole, in combination.
Low- and high-dose combinations were chosen based on the results of Experiments 1 and 2, i.e.
A68930 0.0625 mg/kg + quinpirole 0.033 mg/kg, and A68990 0.25 mg/kg + quinpirole 0.1
mg/kg (Fig. 2). The high-dose combination significantly decreased 50-kHz call rate (Wilcoxon,
Z=2.194, p<0.05), and a similar trend was observed with the low-dose combination (Wilcoxon,

7=1.836, p=0.066).
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Fig. 1 Experiments 1, 2, 3 and 4: Dose-dependent (A, C, E and G) and time-dependent (B, D, F
and H) effects of DAergic agonists on 50-kHz call rate (n=12 in each panel). Panels A, C, E and
G are box plots showing median + IQR (interquartile range). The lowest and highest doses in
these left-hand panels are represented as median calls per 1-min time bin in panels B, D, F and
H, respectively (for the same panels with IQR bars added, see Supplementary Fig. S1).
Amphetamine (AMPH, 1 mg/kg IP) served as a positive control. *p<0.05, **p<0.01 vs. zero

dose (Wilcoxon's tests). The same vehicle condition is shown twice in panels A, C, E and G (i.e.

O0and CTL).
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Fig. 2 Experiment 5: Effect of D1-like (A68930; A6) and D2/D3 dopamine agonist (quinpirole;
Q) combinations on 50-kHz call rate. Each rat (n=12) was tested under each treatment condition,
doses are expressed as mg/kg and were given SC (A6) or IP (Q). Amphetamine (AMPH, 1

mg/kg IP) and vehicle (CTL) served as controls. *p<0.05, **p<0.01 vs. CTL (Wilcoxon's tests).
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Experiment 6: D3 and D2/D3 agonists in combination with a D3 antagonist

The observed effects of quinpirole (D2/D3 agonist) on call rate in Experiment 2 resembled the
call-suppressive effect of the selective D3 agonist PD 128907 from Experiment 3. To test
whether quinpirole’s effects were due to its actions at the D3 receptor, we administered this drug
in combination with a selective D3 receptor antagonist, NGB 2904 (Fig. 3). The call rates in the
two control conditions, saline and B-cyclodextrin, did not differ significantly (paired t-test, NS)
and were averaged for each rat. Quinpirole and PD 128907, given alone, both significantly
decreased calling (Wilcoxon, Z=2.118 and 2.001, p<0.05). The D3 antagonist NGB 2904 itself
did not significantly affect call rate (Wilcoxon, Z=0.549, NS) and did not appear to reduce the
agonist-induced call suppression (Fig. 3). In the presence of the D3 antagonist, both quinpirole
and PD 128907 exerted a residual depressant effect on call rate (antagonist alone vs.

antagonist/agonist combination, Wilcoxon, Z=2.511 and 1.961, p<0.05).

60+

50+ *

= t t

304 *% *
204
104

C

C

Median calls / min

0

Pretreat
Treat

OOD

N N CN

o Q PP

Fig. 3 Experiment 6: The D2/D3 agonist quinpirole (Q, 0.1 mg/kg IP), and the D3 agonist PD
128907 (P, 0.1 mg/kg SC) administered with either vehicle pretreatment (i.e. C, average of both
vehicles used) or the D3 antagonist NGB 2904 (N, 0.1 mg/kg IP). Amphetamine (AMPH, 1

mg/kg IP) served as a positive control. Each rat (n=12) was tested under all conditions. *p<0.05,
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**p<0.01 vs. control (C). The same control condition is shown in both panels. $p<0.05 vs.

antagonist alone (Wilcoxon's tests).

Experiment 7: D1-like, D2/D3 and D3 selective agonists in combination with selective
antagonists

In Experiment 6, the D3 antagonist NGB 2904 failed to counter the call-suppressant effect of the
D2/D3 agonist quinpirole and the D3 agonist PD 128907. Therefore, we next tested these
agonists in combination with a higher dose of NGB 2904 (i.e. 2 mg/kg instead of 1 mg/kg). The
same two agonists were also tested together with the D2-selective antagonist L-741,626. Within
the same drug testing block, the D1-like agonist (A68930) was tested in combination with a D1-
like antagonist (SCH 39166).

The call rates in the three control conditions (saline, DMSO and -cyclodextrin) were not
significantly different and were averaged. As shown in Fig. 4, the D1-like antagonist SCH 39166
decreased call rate when given alone (Wilcoxon, Z=2.903, p<0.01); this drug also produced
lethargy within a few minutes of injection. The D1-like agonist A68930 also tended to inhibit
calling (Wilcoxon, Z=1.726, p=0.084), and exerted a marginally significant residual effect in the
presence of SCH 39166 (Wilcoxon, Z=1.962, p=0.0498). The combination of D1-like antagonist
and agonist virtually abolished 50-kHz calling (Wilcoxon, Z=3.060, p<0.01).

The D3 antagonist NGB 2904 decreased call rate when given alone (Wilcoxon, Z=1.962,
p<0.05) and the D2 antagonist L-741,626 also tended to decrease calling (Wilcoxon, Z=1.726,
p=0.084). In the absence of antagonist, quinpirole and PD 128907 significantly decreased 50-
kHz calls, as found earlier (Wilcoxon, Z=2.903 and 3.061, p<0.01). Following D2-selective

antagonist pretreatment, quinpirole exerted residual call-suppressant effects (i.e. when compared
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to antagonist alone), while PD 128907 did not (Wilcoxon, Z=2.805, p<0.01; Z=0.297, NS).

Conversely, following D3 antagonist treatment, PD 128907 but not quinpirole exerted significant

residual call-suppressant effects (Wilcoxon, Z=2.654, p<0.01; Z=1.939, p=0.053, respectively).

Experiment 8: D4 selective antagonist

The D4 antagonist, L-745 870 (1 mg/kg IP) did not significantly affect 50-kHz call rate

(Wilcoxon, Z=1.784, NS). The median call rates under drug and saline were, respectively, 0.7

calls/min (IQR 0.1-3.2) and 1.2 calls/min (IQR 0.2-5).

251

204

154

104

Median calls / min

54

0

Pretreat

Treat

*%

cC S
C A6 C A6

*%

S

*%

(@ 34
or

*%

*%

C N L
QQ Q

*%

c
P

*%

*%*

N L
P P

Fig. 4 Experiment 7: Effects of dopamine agonists given alone (i.e. with control (C)

pretreatment), or in combination with their corresponding antagonist. All drugs were given IP or

SC (see Table 1): D1-like agonist, A68930 (A6); D2/D3 agonist, quinpirole (Q); D3 agonist, PD
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128907 (P); D1-like antagonist, SCH 39166 (S); D2 antagonist, L-741,626 (L) and D3
antagonist, NGB 2904 (N). Amphetamine (A, 1 mg/kg IP) served as a positive control. *p<0.05,
**p<0.01 vs. C (control = mean of the three vehicles used). The same drug-free control condition
(i.e. C/C) is represented three times. +p<0.05 vs. corresponding antagonist alone (Wilcoxon’s

tests), n=12.

Other observations

Novel 22-kHz calls intermingled with 50-kHz calls We observed frequency-modulated long 22-
kHz calls that are different from the typically reported long 22-kHz calls. More specifically,
these calls comprised a long (400-1520 ms) low-frequency (24-29 kHz) component, preceded
and/or followed by a high-frequency (41-61 kHz) component. These calls, which were
intermingled with 50-kHz calls, occurred infrequently (i.e. a total 8 calls, found in 2 out of 12
rats in Experiment 6), and only under amphetamine. In contrast, constant-frequency 22-kHz calls
were not observed in rats receiving amphetamine, and seldom occurred under other drug
conditions (14 calls in 2 rats).

Audible calls In Experiment 1, the two highest doses of A68930 (1 and 4 mg/kg), caused audible
calls approximately one hour after the end of the session (two hours post-injection), in 3 of the
12 rats tested. These calls were emitted in their home cage in the presence of their cage mate and

stopped immediately upon social separation.
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Discussion

The present study provides the first report that spontaneous 50-kHz call rates can be reduced by
systemic administration of DAergic agonists. Call inhibition occurred not only with D1-like, D2
and D3 receptor-selective agonists, but also with DAergic antagonists and agonist/antagonist
combinations. These call rate-suppressive effects contrasted strongly with the well-established
rate-enhancing effects of the indirect DA/noradrenaline (NA) agonist amphetamine that occurred

reliably in the same animals.

Call-suppressive drug effects vs. motor inhibition

Several classes of DAergic drugs affect motor function (for review see Jackson and Westlind-
Danielsson 1994). In the present study, the majority of DAergic agents decreased 50-kHz call
rate, but only SCH 39166 (D1-like antagonist) produced visible signs of motor impairment or
lethargy. For the remaining drugs, there was no consistent relationship with motor output. First,
at the doses used there was no visible sign of catalepsy, which is consistent with literature reports
(Millan et al. 1998; Millan et al. 2000; Banasikowski and Beninger 2012). Second, quinpirole
inhibited calling not only at low, locomotor depressant doses (0.033 and 0.1 mg/kg; Schaub et al.
1997; Schindler and Carmona 2002), but also at higher doses reported to increase locomotor
activity (LA) (1-10 mg/kg; Horvitz et al. 2001). Third, the D3 agonist PD 128907 inhibited
calling even at low doses that would not be expected to affect LA (Gyertyan and Saghy 2004;
Millan et al. 2004b). Fourth, NGB 2904 (D3 antagonist) decreased the call rate at doses that have
been shown to increase spontaneous LA (Pritchard et al. 2007). Fifth, A68930 (D1-like agonist)
and L-741,626 (D2 antagonist) are reported not to affect LA (Deveney and Waddington 1997;

Clifford and Waddington 2000; Isacson et al. 2004; Nergardh et al. 2005; Koffarnus et al. 2011;
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Chang et al. 2011) at doses which inhibited calling. In conclusion, we cannot exclude the
possibility that some drugs at certain doses (notably high-dose SCH 39166 and low-dose
quinpirole) reduced 50-kHz call rates by inhibiting motor function. However, the present
findings also provide examples where USV emission and locomotor activity can be dissociated,
as previously reported with other drugs (Burgdorf et al. 2001; Natusch and Schwarting 2010;

Wright et al. 2012a).

D1-like, D2/D3- and D3-selective agonists alone decreased 50-kHz vocalizations

In the present study, all DAergic agonists, with the possible exception of the D4-selective
agonist, decreased the 50-kHz call rate. Only one previous study has reported the effects of
acute, systemically-administered D1- and D2-like selective agonists on spontaneous 50-kHz
calling (Williams and Undieh 2010); neither SKF 38393 (D1-like) nor quinpirole (D2/D3)
exerted any detectable effect on 50-kHz call rate. Several procedural factors could readily
account for differences between the two studies. These factors include the specific drugs used
(only quinpirole was common to both), the route of drug administration (i.e. IP vs. SC), rat strain,
and the recording and analysis methodology. Importantly, in the earlier study call rates under

saline were extremely low (e.g. ~5 calls/hour), impeding detection of any inhibitory drug effects.

Combinations of D1-like and D2/D3-selective agonists decreased 50-kHz vocalizations
Concurrent activation of postsynaptic D1-like and D2-like receptors appears to be required for
the expression of several DAergic agonist-induced behaviours (Clark and White 1987; Dall'olio
et al. 1988; Wachtel et al. 1989; Garrett and Holtzman 1994; Capper-Loup et al. 2002; Hasbi et

al. 2011; Ikemoto et al. 1997). To address whether concurrent activation of D1 and D2 receptors
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is sufficient to elicit USVs, we administered A68930 and quinpirole in combination. Our lower
dose of quinpirole (0.033 mg/kg) would selectively target inhibitory DA autoreceptors
(Widzowski and Cory-Slechta 1993), whereas the higher dose (0.33 mg/kg) would be expected
to act predominantly at postsynaptic D2 receptors (Cory-Slechta et al. 1996). In the present
study, both dose combinations inhibited calling. This result contrasts with a clear stimulant effect
reported after systemic administration of the D1/D2-like DAergic agonist apomorphine
(Williams and Undieh 2010). However, apomorphine may also have exerted non-DAergic
actions at the high dose administered (2 mg/kg SC), for example at adrenergic and 5-HT
receptors (Millan et al. 2002; Newman-Tancredi et al. 2002).

The observed effects of systemically administered DAergic agonists suggest that DA receptor
activation in multiple brain regions is insufficient to induce calling. Consistent with this
conclusion, we recently observed that the call-enhancing effect of systemically administered
amphetamine is critically dependent on both dopaminergic and adrenergic receptor mechanisms

(Wright et al. 2012b; Wright et al. 2012c).

DA receptor antagonists decreased 50-kHz call rate without affecting agonist-induced inhibition
Dopaminergic antagonists were initially reported to have no effect on spontaneous rates of 50-
kHz vocalization after systemic administration (Wintink and Brudzynski 2001; Williams and
Undieh 2010), but in both these studies the low basal rates of calling could potentially have
masked any inhibitory effects. More recently, we observed a suppression of 50-kHz calling
following systemic administration of the D1- and D2-like antagonists SCH 39166 and raclopride
(Wright et al. 2012b). Extending the latter observations, the D1-like and D3-selective antagonists

tested in the present study both decreased the 50-kHz call rate, with a similar trend for the D2-
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selective antagonist. Taken together, the inhibitory effects of systemically-administered DAergic
antagonists suggest that DA receptors are necessary for USV emission.

In the present study, the D2- and D3-selective antagonists did not significantly inhibit the effects
of their respective agonists. It is likely that the antagonist doses were sufficiently high; first,
these drugs appeared to inhibit calling when given alone, and second, comparable doses were
effective in other behavioural assays (Fenu et al. 2005; Melis et al. 2006; Collins et al. 2007; Xi
and Gardner 2007). In the latter studies, off-target actions appear improbable since these drugs
are reported to be highly receptor-selective (McQuade et al. 1991; Kebabian et al. 1992; Levant
et al. 1993; Pugsley et al. 1995; Bowery et al. 1996; Glase et al. 1997; Patel et al. 1997; Yuan et

al. 1998).

Comparisons with amphetamine and cocaine

The inhibition of 50-kHz calling by D1-like and D2-like agonists is particularly striking when set
against the robust call stimulation associated with systemic administration of the indirect
agonists amphetamine (Wintink and Brudzynski 2001; Thompson et al. 2006; Wright et al. 2010;
Simola et al. 2012) and cocaine (Mu et al. 2009; Williams and Undieh 2010; Meyer et al. 2011;
Wright et al. 2012c). Psychostimulant drugs, via presynaptic actions, enhance NA as well as
DAergic transmission (Kuczenski et al. 1995; Kuczenski et al. 1997; Berridge and Stalnaker
2002), and NAergic mechanisms are clearly critical to amphetamine-induced 50-kHz calling
(Wright et al. 2012c). However, a NAergic contribution does not readily explain why DA
receptor agonists and antagonists both decreased call rate. Another neuropharmacological
difference between amphetamine/cocaine and direct DAergic agonists is that, according to recent

in vivo voltammetric evidence, amphetamine and cocaine both enhance phasic DAergic signaling
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to an important degree (Cheer et al. 2007; Aragona et al. 2008; Ramsson et al. 2011a; Ramsson
et al. 2011b). Transient DA release events are known to occur spontaneously (Wightman and
Robinson 2002; Schultz 2007), and their postsynaptic impact would likely be masked after
administration of DA receptor agonists, antagonists, and their combination. Therefore, based on
the present USV findings, we propose the hypothesis that 50-kHz vocalizations (or certain call

subtypes) are driven by DA transients.

Behavioural significance of decreased 50-kHz call rate

The relationship of 50-kHz calls with conventional measures of drug reward has been little
explored. Specifically, the psychostimulants amphetamine and cocaine, after IP or SC
administration, reliably produce CPP (0.5-2 mg/kg and 4-20 mg/kg respectively; Tzschentke
1998) and acutely promote 50-kHz USVs (AMPH 0.5-2 mg/kg, cocaine 10-20 mg/kg; see above
for references) whereas morphine can produce a CPP without a concomitant increase in
unconditioned USV emissions (Wright et al. 2012a). The present study provides further evidence
that unconditioned drug effects on 50-kHz call rate do not necessarily match the conditioned
drug effects that are revealed in the CPP/CPA procedure. Our test drugs that decreased 50 kHz
calling either (1) produced CPP or no effect (quinpirole; Hoffman and Beninger 1988; Graham et
al. 2007), (2) produced CPA or no effect (SCH 39166; Acquas and Di Chiara 1994; Spina et al.
2006), or (3) produced CPP or CPA, even at the same dose (PD 128907; Khroyan et al. 1997;
Gyertyan and Gal 2003). Lastly, no published CPP/CPA data appear available for A68930, PD

168077, L-741,626, L-745,870 or NGB 2904.
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Several groups have proposed that 50-kHz calls may represent a behavioural expression of
positive affect (Cuomo and Cagiano 1987; Knutson et al. 2002; Panksepp and Burgdorf 2003;
Brudzynski 2007; Mallo et al. 2009; Barker et al. 2010; Browning et al. 2011; Burgdorf et al.
2011; Hamdani and White 2011). In the present study, most DAergic antagonists and agonists
inhibited calling, and on this basis we speculate that a decrease in 50-kHz call rate may not
necessarily reflect a negative shift in affect, but rather a response to an unfamiliar stimulus or

context.

Limitations

Route of administration The present study demonstrated that systemically-administered DAergic
agonists and antagonists, given alone, decreased calling. Inhibition of calling by DAergic
agonists indicates that DA receptor activation in multiple brain regions is insufficient to induce
calling, whereas the inhibitory effects produced by DAergic antagonists suggest that DA
receptors are necessary for USV emission. These conclusions run counter to findings from two
studies based on intra-accumbens infusions of DAergic agents. In one study, the D2/D3 agonist
quinpirole increased 50-kHz calling, while neither D2- nor D3-selective antagonists produced a
significant effect (Brudzynski et al. 2012). In the other study, the D1- and D2-like antagonists
SKF 32957 and raclopride did not alter 50-kHz call rate, whereas the D2-like haloperidol
increased it (Thompson et al. 2006). Taken together, these findings highlight the importance of
route of administration and raise the possibility of both inhibitory and excitatory DAergic

influences on 50-kHz call emission.

Adverse drug effects High doses of A68930 (1.2 and 3.7 mg/kg) have been reported to trigger

motor seizures in adult rats (DeNinno et al. 1991). However, no such effect was noted in several

60



other studies (Salmi 1998; Salmi and Ahlenius 2000; Isacson et al. 2004; Nergardh et al. 2005),
including at the two highest doses tested here (1 and 4 mg/kg; D'Aquila et al. 1994; Deveney and
Waddington 1997). Although we did not observe seizures in our rats, we cannot exclude the
possibility that our rats suffered convulsions while in the testing chamber since they were not
video recorded.

Pharmacology Each DA receptor subtype was probed with a single agonist and antagonist.
However, these agents were chosen from the most target-selective available. To our knowledge,
no agonists or antagonists currently discriminate between D1 and D5 receptors; for example, the
D1-like agonist A68930 and antagonist SCH 39166 have near-equal in vitro affinities for D1 and
D5 (Tice et al. 1994; Nergardh et al. 2005). In addition, at the start of each experiment, rats
underwent an initial screen comprising three spaced injections of amphetamine; we cannot
exclude the possibility that this amphetamine exposure affected subsequent calling to other
DAergic agents.

Call-subtype analysis Call subtype analysis was not feasible in view of the low overall call rates
(often <4 calls per minute) following receptor subtype-selective agonist and antagonist

administration.

Conclusion

Overall, the literature is mixed with regards to the role of dopamine in ultrasonic vocalizations
and whether these vocalizations may represent affective state. Here we have shown that,
following systemic drug administration, tonic pharmacological activation of dopamine receptors
is not sufficient to increase 50-kHz vocalization call rate, whereas D1, D2 and D3 receptors may

all be necessary for spontaneous calling. The observed drug effects require further investigation
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with respect to their neurochemical underpinnings (e.g. DA transients) and behavioural
significance (e.g. interpretations not based on affect). Elucidation of the neurochemical events

underpinning USV emission may provide a clearer understanding of the affective information

that these vocalizations putatively convey.
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Table 1: Summary of drug conditions for each experiment

Table 1 Summary of drug conditions for each experiment

Exp Pretreatment Treatment Analysis
Drug Dose Route | Time before Drug Dose Route Time Session | Sampling intervals
(mg/kg) testing (min) (mg/kg) before length (minute)
testing (min)
(min)
1 D1-like agonist | A68930 10, 0.0625,0.25,1,4 | SC 20 40 4,10, 16, 22, 28,
34
2 D2/D3 agonist quinpirole 0,0.033,0.1,0.33,1 | IP 5 30 5, 10, 15, 20, 25
3 D3 agonist PD 128907 | 0,0.001,0.01,0.1,1 | SC 10 20 5,913, 17
4 D4 agonist PD 168077 | 0,0.033,0.1,0.33,1 IP 15 30 5, 10, 15, 20, 25
5 D1-like agonist | A68930 +0.0625 SC 20 D2/D3 agonist quinpirole 0.033 1P 5 30 5, 10, 15, 20, 25
D1-like agonist | A68930 70.25 SC 20 D2/D3 agonist quinpirole 0.1 1P 5 30 5, 10, 15, 20, 25
6 D3 antagonist NGB 0,1 1P 30 D2/D3 agonist quinpirole 0,0.1 IP 5 20 5,9, 13,17
2904
D3 antagonist NGB 0,1 1P 30 D3 agonist PD 128907 | 0,0.1 SC 10 20 5,9, 13,17
2904
7 D1-like SCH 0,01 SC 30 D1-like agonist | A68930 0,01 sC 20 40 7,13, 19, 25, 31,
antagonist 39166 37
D2 antagonist L-741,626 | 10, 1 SC 30 D2/D3 agonist quinpirole 0,01 IP 5 40 7,13, 19, 25, 31,
37
D2 antagonist L-741,626 | 10, 1 SC 30 D3 agonist PD 128907 | 0,0.1 SC 10 40 7,13, 19, 25, 31,
37
D3 antagonist NGB 70, 2 IP 30 D2/D3 agonist quinpirole 0,01 IP 5 40 7,13, 19, 25, 31,
2904 37
D3 antagonist NGB 10,2 1P 30 D3 agonist PD 128907 | 0,0.1 SC 10 40 7,13, 19, 25, 31,
2904 37
8 D4 antagonist L-745,870 | 0,1 IP 30 -—- 40 7,13, 19, 25,31,
37

tGiven in a volume of 2 ml/kg (otherwise, given in a volume of 1 ml/kg)
In all experiments, each rat was also tested with amphetamine (1 mg/kg IP, positive control) within the counterbalanced design
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Connecting Text 1

The previous chapter suggested that DA transmission is necessary but not sufficient for the
emission of spontaneously-emitted 50-kHz ultrasonic vocalizations (USVs); while selective DA
antagonists decreased calling, so did the selective agonists. To try to understand this common
effect, we explored the different dopaminergic (DAergic) signaling mechanisms, i.e. tonic vs.
phasic DA release. DA antagonists, acting at postsynaptic DAergic receptors, would inhibit both
types of transmission. DA agonists would produce tonic activation of these receptors, but in so
doing would blunt the impact of phasic DA release events. Thus, a common effect of DA
antagonists and agonists is to mitigate phasic DA events. We therefore hypothesized that it is

these phasic DA events that are involved in the emission of 50-kHz calls.
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CHAPTER 3: Phasic dopamine release in relation to rat ultrasonic
vocalizations: insights from electrical and optogenetic brain stimulation

Tina Scardochio, Ivan Trujillo-Pisanty, Peter Shizgal, Paul B.S. Clarke
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Abstract

Rationale Adult rats emit ultrasonic vocalizations (USVs) at around 50-kHz that commonly
occur in contexts that putatively engender positive affect. While several reports indicate that
dopaminergic (DAergic) transmission plays a role in the emission of 50-kHz calls, the
pharmacological evidence is mixed. Different modes of dopamine (DA) release (i.e. tonic and

phasic) could potentially explain this discrepancy.

Objective To investigate the potential role of phasic DA release on 50-kHz call rate.

Methods In Experiment 1, USVs were recorded in adult male rats following unexpected
electrical stimulation of the medial forebrain bundle (MFB). In parallel, phasic DA release in the
nucleus accumbens (NAcc) was recorded using fast-scan cyclic voltammetry. In Experiment 2,
USVs were recorded following response-contingent or non-contingent optogenetic stimulation of
ventral tegmental area (VTA) DAergic neurons. Four 20-s schedules of optogenetic stimulation

were used: fixed-interval, fixed-time, variable-interval and variable-time.

Results Brief electrical stimulation of the MFB increased both 50-kHz call rate and phasic DA
release in the NAcc. During optogenetic stimulation sessions, rats initially called at a high rate
comparable to that observed following reinforcers such as psychostimulants. Although
optogenetic stimulation maintained reinforced responding throughout the 2-hour session, the call
rate declined to near zero within the first 30 minutes. The trill call subtype predominated

following both electrical and optical stimulation.
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Conclusion

The occurrence of electrically-evoked 50-kHz calls, time-locked to phasic DA (Experiment 1),
provides correlational evidence supporting a role for phasic DA in USV production. However, in
Experiment 2, the temporal dissociation between calling and optogenetic stimulation of VTA
DAergic neurons suggests that phasic mesolimbic DA release is not sufficient to produce 50-kHz
calls. The emission of the trill subtype of 50-kHz calls potentially provides a marker

distinguishing positive affect from positive reinforcement.
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Introduction

Adult rats produce two categories of ultrasonic vocalizations (USVs) (Portfors 2007; Clarke and
Wright 2015): 22-kHz (range: 20-30 kHz) and 50-kHz (30-90 kHz). Calls in both categories are
proposed to play a role in communication (for review see: Seffer et al. 2014). In addition to their
proposed communicative role, the 22- and 50-kHz call categories appear to reflect negative and
positive affective states, respectively (Knutson et al. 2002). Thus, while 22-kHz calls are
commonly associated with aversive situations (Litvin et al. 2007, Mahler et al. 2013), 50-kHz
calls have been detected during a variety of rewarding events, such as rough-and-tumble play
and administration of psychostimulant drugs (Burgdorf et al. 2001; Panksepp and Burgdorf

2003; Wright et al. 2010).

Several neurotransmitters appear to play a role in the emission of 50-kHz USVs in adult rats (Fu
and Brudzynski 1994; Panksepp and Burgdorf 2000; Wintink and Brudzynski 2001; Fendt et al.
2006; Burgdorf et al. 2007; Arnold et al. 2010; Wright et al. 2012; Sadananda et al. 2012; Wright
et al. 2013; Manduca et al. 2014; Wohr et al. 2015). Here, dopamine (DA) has received
particular attention, given its well-established role in motivation and reward (Bromberg-Martin
et al. 2010; lkemoto 2010; Covey et al. 2014; Ranaldi 2014). A variety of dopaminergic
(DAergic) manipulations alter the rate at which adult rats emit 50-kHz calls (Burgdorf et al.
2000; Burgdorf et al., 2001; Burgdorf et al., 2007; Williams and Undieh 2010; Brudzynski et al.
2012; Simola et al. 2013); in particular, DAergic transmission in the nucleus accumbens (NAcc)
appears both necessary and sufficient for call emission, as evidenced by studies using DA-
targeted lesions and intracerebral microinjection of DAergic drugs (Burgdorf et al., 2001;

Burgdorf et al., 2007). Accordingly, we and others have found that both amphetamine (AMPH)-
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induced and spontaneous 50-kHz vocalizations are profoundly inhibited by systemically-
administered D1 and D2 antagonists (Wright et al., 2013; Chapter 2: Scardochio and Clarke
2013; Wohr et al., 2015). However, some DAergic drugs have produced unexpected effects after
systemic administration: (1) direct DAergic agonists inhibited 50-kHz calling across a wide dose
range (Chapter 2: Scardochio and Clarke, 2013), and (2) the DA transporter blocker GBR 12909
failed to mimic AMPH’s stimulatory effect on 50-kHz call emission, even when combined with

a noradrenaline transporter blocker (Wright et al., 2013).

In the present study, we have asked whether these apparently conflicting findings might reflect
differential drug effects on two distinct modes of DA transmission: tonic and phasic. In the
absence of salient stimuli, midbrain DAergic neurons display a tonic pacemaker-like activity,
maintaining a stable and low DA extracellular concentration (‘tone’) in terminal structures such
as the nucleus accumbens (NAcc) (Grace and Bunney 1984). Salient stimuli such as primary
rewards induce neuronal burst firing, resulting in phasic DA release associated with a rapid and
transient increase in extracellular DA concentrations (Redgrave et al. 2008). Several
observations suggest that 50-kHz call emission may be associated with phasic DA release.
Notably, 50-kHz vocalizations have been evoked by several manipulations that have been shown
to increase phasic DA release: experimenter-delivered ‘tickling” (Hori et al. 2013), playback of
50-kHz vocalizations (Willuhn et al. 2014) and the presence of a conspecific receiving reward
(Kashtelyan et al. 2014). Rats will also emit 50-kHz calls in anticipation of electrical stimulation
of the medial forebrain bundle (MFB) that would be expected to increase phasic DA release in
terminal areas such as the NAcc (Burgdorf et al., 2000). If phasic DA transmission promotes

USV emission, this could also reconcile several pharmacological findings: (1) AMPH and
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cocaine reliably induced 50-kHz calling and increased phasic DA release (Cheer et al. 2007,
Wright et al., 2010; Willuhn et al. 2012; Wright et al., 2013; Daberkow et al. 2013; Covey et al.,
2014), (2) tonic activation of postsynaptic receptors by selective DA receptor agonists inhibited
spontaneous calling (Chapter 2: Scardochio and Clarke, 2013), and (3) the DAT blocker GBR
12909, expected to elevate only tonic DA transmission, did not increase USV emission (Wright

etal., 2013).

The aim of the present study was therefore to test whether phasic DA release events drive 50-
kHz calls in adult rats. Previously, Burgdorf et al. (2007) showed that electrical stimulation of
the medial forebrain bundle (MFB) evoked 50-kHz call emission and that these calls were
decreased by the DA antagonist flupenthixol. However, flupenthixol has non-DAergic effects,
notably on 5-HT receptors (Kuhn et al., 2000), and in addition phasic DA release was inferred
rather than measured. Therefore, to directly assess the involvement of phasic DA release, our
first experiment asked whether electrical stimulation of the MFB would elicit USVs using
parameters that evoked phasic DA release events detected using fast-scan cyclic voltammetry.
The second experiment investigated whether phasic DA activity was sufficient to induce 50-kHz
calls. Here, we recorded USVs during optogenetic stimulation that was designed to selectively
activate VTA DAergic neurons. Two parameters of reinforcement were investigated: (1)
expected vs. unexpected stimulation to test for anticipatory calling and (2) contingent vs. non-

contingent stimulation to allow for comparison with previous studies using electrical stimulation.
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Methods

Acquisition and identification of ultrasonic vocalizations

The testing procedure and acoustic analysis were in part, as previously described (Wright et al.
2010 RM692). For the initial amphetamine screen, clear Plexiglas™ experimental boxes (ENV-
007CT, Med Associates, St. Albans, VT) were used for testing and each was enclosed in a
separate melamine compartment lined with sound attenuating acoustic foam (Primacoustic, Port
Coquitlam, BC). For the optogenetic and fast-scan cyclic voltammetry (FSCV) experiments,
Clear Plexiglas™ experimental boxes (optogenetic: ENV-007CT, Med Associates, St. Albans,
VT, FSCV: made in-house) were also used but sound attenuating acoustic foam was not utilized.
Condenser ultrasound microphones (CM16/CMPA, Avisoft Bioacoustics, Berlin, Germany)
were located at the top center of each test box, 30-60 cm from the rat. Microphone signals were
delivered to an UltraSoundGate 416H data acquisition device (Avisoft Bioacoustics, Glienicke,
Germany) with a sampling rate of 250 kHz and 16-bit resolution. Avisoft SASLab Pro software
(version 5.1.14, Avisoft Bioacoustics, Berlin, Germany) was used for acoustical analysis.
Spectrograms were created with a fast Fourier transform (length 512 points, overlap 75%,
FlatTop window, 100 % frame size) yielding a frequency resolution of 490 Hz and a time
resolution of 0.5 ms. Calls were selected manually from spectrograms by an individual masked
to treatment conditions. Call rate was defined as the total number of 50-kHz calls per 5 minutes,
unless otherwise noted. All calls were categorized into one of 14 subtypes, as defined by Wright
et al. 2010, plus two additional categories that are rarely observed (~1% of calls):
‘unclassifiable’(call was not loud enough, or noise was present, which prevented accurate

subtyping) and ‘miscellaneous’ (call was visible but did not clearly fit one of the 14 subtypes).
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Statistics

Data were analyzed using commercial software (Systat v11, SPSS, Chicago, IL; GraphPad
Software, La Jolla, CA). Except during the MFB stimulation experiment, USVs between 20- and
30-kHz were rarely observed and were not analyzed statistically; otherwise, all USVs refer to the
50-kHz subtype. Nonparametric tests were used when the data suggested that parametric test
assumptions (e.g. variance homogeneity) were violated. Multiple vehicle conditions were
compared by Friedman’s nonparametric analysis of variance. Specific comparisons were
performed using Wilcoxon signed-rank tests or Sign tests. For all tests, a two-tailed p value less
than 5 % was considered significant. For USV data, n= number of rats and for the

electrochemical data, n= number of electrodes (see “Voltammetric data analysis’ below).

Experiment 1 Electrical stimulation of the medial forebrain bundle and FSCV recordings
Subjects

Please note: four of the rats used in this experiment were also used in Chapter 4

Eight experimentally naive male Long-Evans rats (Charles River Laboratories, St. Constant,
Quebec, Canada) were used, weighing 359-420 g at surgery. Subjects were housed two per cage
before surgery and singly-housed after surgery. Home cages were kept in a temperature- and
humidity-controlled colony room (20-22 °C, 50-60 %) with laboratory grade Sani-Chips bedding
(Harlan Laboratories, Indianapolis, IN). Rats were kept on a reverse 12:12 h light/dark cycle,
with lights off at 0730 hours. Behavioural testing took place between 0800 and 1300 hours. Food
and water were available ad libitum, except during testing. Subjects were handled once daily for

5 min, for 4 days prior to the first experimental day. All procedures were approved by the McGill
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Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal

Care.

Electrochemical microsensor and reference electrode fabrication

Dopamine microsensors (i.e. working electrodes) and reference electrodes for chronic
implantation were fabricated as previously described (Clark et al. 2010, Fortin et al. 2015).
Briefly, a single carbon fiber (grade 34-700; Goodfellow Corporation, Caraopolis, PA, USA)
was threaded through a fused silica shaft (Polymicro Technologies, Phoenix, AZ, USA) while
submerged in 2-propanol. With a short length (approximately 17 mm) of carbon fiber protruding,
two-component epoxy (Lepage Speed Set Epoxy™) was applied to one end and allowed to dry
for 3-5 hrs. Next, silver epoxy (MG Chemicals, Allied Electronics, Fort Worth, TX, USA) was
applied to the other end of the silica shaft in order to secure electrical contact between the carbon
fiber and a gold-plated PCB socket connector (Newark Element 14 #23K7802, Chicago, IL,
USA). The silver epoxy was left to dry over night, then coated with the two-component epoxy.
The protruding length of carbon fiber was trimmed to 150-200 pum.

Reference electrodes were made using silver wire (A-M systems, bare: 0.010", coated: 0.013")
cut into lengths of approximately 1 cm. A small drop of silver epoxy was applied to the open end
of a nickel-plated brass pin (Newark Element 14 #82K7794, Chicago, IL, USA) and a single
piece of uncoated silver wire was inserted. Once dry, the silver epoxy was covered with two-
component epoxy and the protruding silver wire was trimmed to approximately 3 mm. The day
before surgery, this wire was soaked in 10.2% sodium hypochlorite overnight, creating a

silver/silver chloride (Ag/AgCl) surface interface.
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Voltammetry surgery

All surgical procedures followed aseptic technique. Rats were anesthetized with isoflurane (5%
induction, 2-2.5% maintenance, AErrane, Baxter). The scalp was shaved before the rat was
placed in a stereotaxic frame. Polyvinyl alcohol (1% wi/v, HypoTears, Novartis) was applied to
the eyes, and a non-steroidal anti-inflammatory analgesic (carprofen, 5 mg/kg) and 0.9% sterile
saline (2 mL) were administered subcutaneously (SC). The scalp was incised along the midline
after topical application of Baxedin™ antiseptic (0.05% wi/v chlorhexidine gluconate + 4% v/v
isopropyl alcohol) and local anesthetic (50:50 v/v mixture of 2% lidocaine and 0.5%
bupivicaine). Skull holes were drilled and cleared of dura mater above the nucleus accumbens
core (2.0 mm lateral and 1.7 mm rostral to bregma) and shell (0.9 mm lateral and 1.5 mm rostral
to bregma); each rat received one microsensor implanted in each hemisphere (total of two
microsensors per rat). Next, a skull hole was drilled in order to position the stimulating electrode
(Plastics One, MS303/2-A/SP) above the medial forebrain bundle (MFB; 1.3 mm lateral and 4.6
mm caudal to bregma). Four to five additional holes were drilled at convenient locations for a
reference electrode and 3-4 anchor screws. The reference electrode was lowered 3-4 mm from
the skull surface (the entire length of silver wire) and one screw was secured to the skull; both
were anchored with cranioplastic cement, leaving the stimulating electrode and microsensor
holes exposed. The two microsensors were then attached to the voltammetric amplifier and
lowered (0.2 mm/min) into the target recording regions (7.4 mm ventral of the brain surface for
core and shell of nucleus accumbens). In order to determine the ideal location for placement of
the stimulating electrode, the voltammetric waveform was applied at 10 Hz and catecholamines
were monitored. Next, the stimulating electrode was lowered to 7.2 mm below dura mater and

electrical stimulation (24 biphasic pulses, 60 Hz, + 120 pA and 2 ms per phase) was applied via
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an optically isolated, constant-current stimulator (A-M Systems, Sequim, Washington). If an
evoked change in catecholamine concentration was not observed at the microsensor, the
stimulating electrode was lowered in 0.3 mm steps until electrically-evoked catecholamine efflux
was detected. The electrode was then lowered in 0.1 mm increments until catecholamine release
was maximal. This usually occurred when the stimulating electrode was 8.4 or 8.7 mm ventral
from the brain surface. If catecholamines were not detected at this point, the stimulating
electrode was lowered to and kept at 8.7 mm. Finally, cranioplastic cement was applied to the
exposed skull to secure the stimulating electrode, microsensors and the 2-3 additional screws.
For post-operative pain management, subcutaneous carprofen was administered every 24 hours

for four days.

Voltammetric data acquisition

For details of hardware and software, see Fortin et al. 2015. Waveform generation and data
acquisition were carried out by using two input/output cards (NI PCI-6052E an NI PCI-6711,
National Instruments, Quebec, Canada) and software written in LabVIEW (National
Instruments). Signals from chronically implanted microsensors were forwarded to the data
acquisition system via a head-mounted voltammetric amplifier (current-to-voltage converter) and
an electrical commutator (Crist Instrument Co Inc, MD, USA) mounted in a custom-made
Faraday cage. The voltammetric amplifier comprised an operational amplifier with a feedback
resistor (Rf 5 QM) in parallel with a 6 pF capacitor to exclude high frequencies. To filter out
operational amplifier noise, additional capacitors bridged each of the power sources (+15 V, —15
V) with ground. To promote a stable background current on test days, working electrodes were

cycled with the voltammetric waveform at 60 Hz for 30 minutes and then at 10 Hz for 15
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minutes (Moussy and Harrison 1994). It is not uncommon to observe a 200 mV shift in potential
at reference electrodes over 2-5 days (Heien et al. 2005). This shift can be detected by the
position of the Faradaic peaks within the background current. When observed, this was corrected
by applying a 200 mV offset to the waveform (Heien et al., 2005). Voltammetric recordings
consisted of a series of fast voltage scans, repeated at 100 ms intervals (i.e. 10 Hz). Each scan
lasted 8.5 ms and comprised an ascending and descending linear (400 V/s) sweep between -0.4
and +1.3 V, applied to the microsensors in relation to the Ag/AgCl reference electrode. The
potential was held at —0.4 V versus Ag/AgCl between scans. Electrical stimulation of the MFB
was used to produce phasic catecholamine release. Each stimulation train (24 equally spaced
biphasic pulses, 2 ms per phase) was spaced 5-6 minutes apart and the following eight
stimulation parameters were used: 100pA and 120pA applied at 30 Hz, and 60 pA, 80 pA, 100
MA and 120 pA applied at 60 Hz. Voltammetric recordings were taken for 5 s before the
electrical stimulation and for 10 s after. During this time, baseline USV recordings were taken

for 55 s before each electrical stimulation, and for 55 s following the electrical stimulation.

Experimental protocol

Overview Rats were tested one month after surgery to allow for their recovery and the
stabilization of electrodes (Polikov et al. 2005; Kozai et al. 2014). Four rats survived surgery and
their head caps remained intact during the subsequent month, and were thus tested further. In
vivo testing consisted of three parts: 1) Initial amphetamine screen, 2) Test day and 3)
Characterization of the voltammetric signal.

Initial amphetamine screen A significant minority of rats emit few USVs in response to various

stimuli (Schwarting et al. 2007). Therefore, rats underwent an initial amphetamine screen
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comprising three test sessions, spaced 2 days apart (Wright et al., 2010; Chapter 2: Scardochio
and Clarke, 2013). On each day, rats (n=4) were placed in test chambers for 20 min immediately
after an IP injection of amphetamine (1 mg/kg, 1 mL/kg). Ultrasonic vocalizations emitted
during the 12", 14™ and 16™ minute of the third session were counted, and all four rats were
assessed as high callers relative to previous data (see Results).

Test day Testing resumed 20 days later. Rats were connected to the head-mounted voltammetric
amplifier (see data acquisition above) and placed in the custom made test box consisting of Clear
Plexiglas™ with laboratory grade Sani-Chips bedding. Half of the bedding was changed between
each rat session. The electrical stimulation was not signaled by cues or demarcated by a specific

point in time, and was thus unexpected.

Voltammetric data analysis

For the chemical identification of dopamine, current during a voltammetric scan was plotted
against the applied potential and the background was subtracted (LabVIEW 7.1, National
Instruments), yielding a background-subtracted cyclic voltammogram (CV). Verification of the
putative DA signals was performed using the ‘CV match’ algorithm (Wightman et al. 1988;
Heien et al. 2004; Clark et al. 2010) written in CV Analysis (LabView 7.1, National
Instruments). Briefly, the background-subtracted CV was compared with a template
voltammogram obtained from an earlier electrically-evoked (equally spaced biphasic pulses, 2
ms/phase, 60 Hz, 120 pA) in vivo recording, and a correlation coefficient was obtained. The
phasic event was determined to be DAergic if the correlation coefficient was >0.75 (Heien et al.
2003; Cheer et al. 2004). In addition, DA transients were required to meet this criterion for at

least two consecutive scans. Peak DA currents at the oxidation potential of DA (approximately
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0.65 mV) were obtained from the background-subtracted CVs. Each recording electrode (two per
rat) was treated as an independent unit for the following reasons: 1) the density of DA terminals
at recording sites differ (Garris et al. 1994; Peters et al. 2000) 2) DA terminals within a given
brain region differ in the extent to which they are autoinhibited (Moquin and Michael 2009) and
3) the existence of spatial and temporal heterogeneity of DA transmission in the ventral striatum
where evoked responses are different in both amplitude and temporal profile (Wightman et al.,

2007; Shu et al. 2013).

Characterization of in vivo voltammetric signals
We confirmed the dopaminergic nature of our in vivo voltammetry signals using three main

criteria: electrochemical, pharmacological and anatomical.

Stimulated release The discharge of electrical current to DAergic cell bodies can act as a positive
control for the detection of DA (Roitman et al. 2004). Here, stimulation of the MFB (24 equally
spaced biphasic pulses, 2 ms/phase, see ‘Voltammetric data acquisition’ above for currents and

frequencies) was used to detect DA release bilaterally in the NAcc of each rat.

Pharmacological validation DA and noradrenaline are indistinguishable by FSCV (Heien et al.,
2003). Therefore, to further characterize the electrochemical signal, rats (n=3, one rat was
removed due to electrode instability) were subjected to acute tests with systemically-
administered drugs. The following drugs were used: the D2/D3 agonist (-)-quinpirole
hydrochloride (Sigma Aldrich, Oakville, ON), the DAT blocker GBR12909 2HCI (NIMH

Chemical Synthesis and Drug Supply Program), the D2/D3 antagonist raclopride, the a2-
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adrenoreceptor antagonist yohimbine (Tocris Bioscience, Minneapolis, MN), the NET blocker
desipramine hydrochloride (Sigma-RBI, St. Louis, MO) and D-amphetamine (Sigma-Aldrich,
Poole, UK). Not all drugs were tested in each rat; see the Results section and Table S2 for
details. All doses are expressed as the salt and all drugs were administered by the IP route (see
Table S1 for drug details). All drugs were dissolved in 0.9% sterile saline except for: GBR12909
in dimethyl sulfoxide (DMSO) and yohimbine in distilled water. The timing and pH of each
control (vehicle) injection matched that of the respective drug. Drugs were administered in a

volume of 1 mL/kg except for GBR12909 (2 mL/kg).

Histological verification of recording sites DA is the predominant electroactive neurotransmitter
within the NAcc and more specifically, in the lateral core (Garris et al., 1994) and rostral shell
subregions (Park et al. 2010); thus, our microsensor targeted these regions. At the end of the
experiment, rats were deeply anesthetized with IP ketamine (100 mg/kg) and xylazine (20
mg/kg) and an electrolytic lesion (+0.8 mA, 20 s, direct current) was made to facilitate
histological identification. Rats were then transcardially perfused with saline and then a 10%
aqueous formalin solution (Sigma, St.Louis, MO). The brain was then removed and flash-frozen
at -50°C with 2-methylbutane (Acros Organics, New Jersey, USA). Brains were sliced on a
cryostat (25-pum coronal sections, -20 °C) and mounted on glass microscope slides. Sections
were stained with cresyl violet to aid visualization of anatomical structures. When visible, the

microsensor tip was localized by following the tract made by the fused-silica shaft.

Experiment 2 Optogenetics

Subjects
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Seven 7"-generation heterozygote tyrosine hydroxylase TH:Cre males rats (Witten et al. 2011)
from Dr. Shizgal’s laboratory colony were used. These rats originated from a generous donation
from Dr. Karl Deisseroth (Stanford University) and Dr. llana Witten (Princeton University), and
were subsequently outbred with Long-Evans rats (Charles River Laboratories, St. Constant,
Quebec, Canada). These transgenic rats express Cre recombinase under the control of the
tyrosine hydroxylase (TH) promoter. Rats weighed 350-400g at surgery. Subjects were singly
housed in a temperature and humidity-controlled colony room (20-22 °C, 50-60 %) and were
kept on a reverse 12:12h light/dark cycle, with lights off at 0730 hours. Behavioural testing took
place between 0800 and 1600 hours. Food and water were available ad libitum, except during
testing. All procedures were carried out in accordance with the requirements of the Canadian
Council on Animal Care and with the approval of the Concordia University Animal Research

Ethics Committee.

Stereotaxic virus injections and optical fiber implantation

Rats were first anesthetized with a solution of ketamine (87 mg/kg, Bionicle, Bellville, Ontario)
and xylazine (13 mg/kg, Bayer Inc., Toronto, Ontario), given IP in a volume of 1 mL/kg,
followed by atropine sulfate (0.02-0.05 mg/kg, 1 m/kg, SC, Sandoz Canada Inc., Quebec) to
reduce bronchial secretions. Polyvinyl alcohol (1% w/v, ‘HypoTears’ Novartis) was applied to
the eyes, and penicillin procaine G (300 000 IU/mL, 0.3 mL, SC, Bimeda-MTC Animal Health
Inc., Cambridge, Ontario) was used as a prophylactic antibiotic. Under isoflurane anesthesia (5%
+ O, for induction, 2-2.5% + O, for maintenance), the skull was exposed by scalpel incision and
six small burr holes were drilled above target coordinates. For viral injections (AAV-DIO-ChR2-

EYFP, University of North Carolina (UNC) Vector Core facility), a 28 gauge injector was
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lowered into the VTA (anterior-posterior (AP) —5.4 and -6.2 mm; medial-lateral (ML) +/- 0.7
mm) and 0.5 pl of virus was infused at a rate of 0.1 pl/min at each of three dorsal-ventral (DV)
coordinates (-8.2, -7.7 and -7.2 mm) for each of the two AP coordinates per hemisphere, for a
total of 12 injections per brain. Virus was allowed to diffuse for 10 min between each injection.
The total injection volume of virus was 6 pL (3 pL/hemisphere: three DV coordinates for each of
the two AP coordinates). This virus-injection method produces widespread expression of ChR2,
with partial spread into the pars compacta of the substantia nigra and to the contralateral VTA.
Chronically implantable optic fibers with a 300 pm core were constructed following the methods
described by (Sparta et al. 2012). Optical fibers were implanted bilaterally into the VTA at a 10°
angle sloping laterally from the vertical (AP —5.8 mm; ML +/- 0.7 mm; DV —8.12 and -8.02
mm). Skull holes were covered with Gelfoam™ (Upjohn Company of Canada, Don Mills,
Ontario) and the optical implants were anchored with a combination of skull screws and dental
acrylic. Animals were given the opioid analgesic buprenorphine (0.05 mg/kg SC, 1 mL/kg, RB
Pharmaceuticals Ltd., Berkshire, UK) and returned to their home cages for recovery. Behavioural

manipulations began 5-7 weeks later to allow for viral construct expression.

Optical stimulation

In vivo optical stimulation of VTA neurons was achieved using a locally constructed 200 um
core optical fiber patchcord (Trujillo-Pisanty et al. 2015) attached to a chronically implanted
fiber and leading to an optical rotary swivel with a FC input connector and an M3 output
connector (Doric Lenses, Quebec, QC, Canada). The rotary swivel allowed the rats to move
freely in the test cage. The rotary joint received input from a 473 nm laser (Shanghai Lasers,

Shanghai, China) through a 125 pum optical fiber cable (62.2/125, Simplex, Thorlabs Inc.
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Newton, New Jersey) secured via FC/PC adaptors. A pulse stimulator (A.M.P.l, Master-9,
Jerusalem, Israel) was used to generate 1-s trains of 5-ms square pulses of blue light. Each rat
received unilateral optogenetic stimulation of VTA neurons; the stimulating fiber (right or left
hemisphere) and optimal stimulation frequency were determined for each rat (see ‘Optical self-
stimulation training’ below). The laser was allowed to reach its operating temperature for 45-120
min before each training or test day. The laser power output through the patchcord was kept at 40

+ 2 mW across sessions and was verified every day.

Experimental protocol

Experiment 2 comprised the following four phases: 1) optogenetic self-stimulation training, 2)
USV screen, 3) fixed interval training and 4) testing on multiple schedules.

Optogenetic self-stimulation training First, each rat (n=7) was screened in order to optimize the
optical stimulation, by determining: (1) which optical probe (i.e. left or right) was more effective
behaviourally, and (2) the optimal pulse frequency, defined as the lowest optical pulse frequency
that supported a maximal rate of self-stimulation. To determine the most effective probe, a
successive approximation procedure was used (Peterson 2004). Briefly, one optical implant was
connected and rats were trained to lever press on an FR1 schedule for unilateral delivery of 1-s
trains of 5-ms light pulses (473 mW, 60 Hz) into the VTA. Once the animal acquired the lever
pressing behaviour, two 15-min FR1 trials began. Both trials began with the lever retracted, and
were announced by a 10-s flashing light situated above the test box. Each stimulation was
followed by a 2-s blackout period during which the lever was retracted, and the total number of
stimulations obtained was counted. The contralateral optical probe was tested the following day
in the same way. The probe that supported the most pressing was considered most effective and

was used for the rest of the experiment. In some rats, both probes produced similar behavioural
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outputs. When this happened, both optical probes were retested on a third day and the most
effective one from that session was retained. Next, to determine the optimal pulse frequency, rats
were permitted to lever-press for unilateral optical stimulation of the VTA, in a 2-s cumulative
handling time schedule (Breton et al. 2009). In this schedule, rats earned one train of VTA
stimulation (1-s duration, 5-ms light pulses) for every 2 s of hold-down (accumulated within and
across different hold-downs). Each trial was announced by a 10-s flashing light. At 8 s after the
onset of the flashing light, a noncontingent priming stimulation was delivered which matched the
pulse-frequency of the contingent stimulation offered in that trial. The pulse frequency of each
priming and response-contingent stimulation was systematically decremented across ten 2-min
trials to obtain a sigmoidal pulse-frequency vs. response rate curve. The pulse frequencies varied
across subjects, but typically ranged from 2 Hz (lower asymptote) to 60 Hz (higher asymptote).
Between two and five sessions were required to construct a reliable frequency-response curve. A
2-s blackout period followed each contingent stimulation and the lever was retracted during this
time. The lowest pulse frequency which yielded maximal responding was considered optimal. In

all subsequent testing, the optimal pulse frequency were held constant for a given rat (Table S3).

USV screen Near the end of optical self-stimulation training, rats were screened for USV
emission in a single session. Acoustic recordings began when rats were removed from their
home cage and continued for 2-5 minutes during optical self-stimulation training in their test
box. Only rats that emitted USVs (>5 calls/min) during this time were retained in the experiment
(n=5of 7).

Fixed-interval (FI) training Over the course of 4-7 days (depending on the rat), animals were

trained to lever press for progressively longer fixed interval (FI) schedules, starting with FI-01 (1
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s) and ending with FI-20. Rats did not advance to the next schedule until they were pressing
reliably at that stage. Every day, each rat completed 3 to 12 sessions, each lasting 20 min. Rats
began test days once they were reliably pressing under FI-20.

Testing on multiple schedules Over the course of 8 consecutive days, each rat was tested on four
different 20-s schedules of optogenetic presentation, i.e. fixed and variable interval (FI-20, VI-
20), and fixed and variable time (FT-20, VT-20). Each schedule was tested in two test sessions
(1 session per day) lasting 2 hours. Schedules were tested in the following order FI-20, FT-20,
VI-20 and VT-20. Under the FI and FT schedules, the stimulation was expected, insofar as it was
delivered (FT) or became available (FI) every 20 s. Under VI and VT schedules, the stimulation
was always unexpected, because the time between consecutive stimulations was sampled from a
1.2 second lagged exponential distribution. Lever presses were recorded using software written
in LabVIEW (National Instruments). Under fixed and variable interval schedules, the lever was
always extended and a single lever-press was required for optical stimulation of the VTA (i.e. the
rat determined the stimulation time once the minimum interval had elapsed). For fixed and
variable time schedules, the stimulation was delivered non-contingently, and no lever was
present. The interval length (20 s) and the test session duration (2 hours) were selected based on
previous work (Ludvig et al. 2007; Chehayeb 2007). USVs were recorded for the whole session.
No discrete cues (e.g. light or tone) were present and testing was performed in a dark room
illuminated only with a red light. Since the rats virtually stopped calling within 30 min (see

Results), therefore only the first 30 min of calls and lever-pressing behaviour were analyzed.
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Histology (not completed)

The rats used in this experiment are currently being used in another experiment. Histology will
be performed at a late date using the following protocol.

Histology was performed to colocalize yellow fluorescent protein (YFP) and tyrosine
hydroxylase (TH), so as to confirm virus expression (YFP) in DAergic neurons (TH). Hence,
upon completion of in vivo experiments, rats were transcardially perfused with 4%
paraformaldehyde in phosphate-buffered saline (PBS). Brains were removed and post-fixed in a
4% paraformaldehyde/30% sucrose solution for two days, and kept frozen at -20 °C thereafter.
40 pm sections were mounted on Superfrost™ microscope slides (Thermo Fisher Scientific,
Ottawa, Ontario), washed with PBST (phosphate buffered saline with Triton: 0.1M PBS + 2 g/L
bovine serum albumin + 2 mL/L Triton X) for 20 min, and incubated in normal donkey serum
(Sigma Aldrich, Oakville, ON) in PBT for 30 min. To assess the spread and selectivity of
expression of the viral construct, anti-TH and anti-GFP immunohistochemistry was performed.
Slices were exposed for 24 hrs to the following primary antibody mixture: mouse anti-GFP
(1:1500, Invitrogen, #A11120) and rabbit anti-TH (1:500, Fisher, #AB152MI). Slices were
washed with PBT (3 x 5 min) and incubated with 2% normal donkey serum in PBS for 10 min.
Tissues were incubated for 2 hrs at room temperature with secondary antibodies: donkey anti-
mouse AlexaFluor 488 (1:200, Jackson Immuno, West Grove, PA, USA) and donkey anti-rabbit
AlexaFluor 594 (1:200, Jackson Immuno), for YFP and TH respectively. Sections were
subsequently imaged (10x) on an Olympus FV10i-LIV confocal microscope to show

colocalization of TH and the ChR2-YFP construct.
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Results

Experiment 1: MFB stimulation and rat ultrasonic vocalizations

Initial amphetamine screen

The median 50-kHz call rate on the third day of the AMPH screen was 76 calls per min (range
53-102, n=4 rats). Based on previous studies (Wright et al., 2010; Ahrens et al. 2013; Chapter 2:
Scardochio and Clarke, 2013), all the rats would be classified as ‘high callers’ (i.e. above-
average call rate). One rat was removed from the remaining analysis because its electrical

connection failed intermittently (hence, n= 3 rats).

Ultrasonic vocalizations following electrical stimulation of the MFB

Electrical stimulation of the MFB significantly increased 50-kHz call rate (Sign test, p<0.002,
Fig. 1). Calls were evoked promptly, starting approx. 1 s from the start of each stimulation train
(Fig. 2). The main call subtypes emitted following MFB stimulation were trill, flat/trill combo
and flat, which accounted for 42%, 27% and 13% of all calls, respectively (Fig. S1). In one rat,
more intense stimulation parameters were tested (60 Hz, 140 pA), producing 22-kHz as well as

50-kHz calls; therefore, these stimulation parameters were not tested with the other rats.
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Fig. 1 Electrical stimulation of the medial forebrain bundle (MFB) and 50-kHz call rate
(Experiment 1). Each rat (n=3) was tested under each stimulation condition. Calls after MFB
stimulation (post, 0-55 s following stimulation onset) were significantly greater than calls before
MFB stimulation (pre, 0-55 s before stimulation). Each stimulation train was spaced 5-6 min

apart. ***p<0.002 pre vs. post (Sign test, n=12 i.e. 4 stimulation parameters x 3 rats)

Phasic DA release in the nucleus accumbens following electrical stimulation of the MFB

Data presentation is restricted to the five electrodes confirmed to be located in the nucleus
accumbens and recording phasic DA release; only one electrode was excluded (see
Characterization of in vivo voltammetric signals below).

Unilateral electrical stimulation of the MFB evoked phasic dopamine release in the NAcc (Fig.
2). The evoked release was bilateral (n=2 rats, data not shown). Mean peak DA currents
increased with increasing applied current, for both stimulation frequencies, i.e. 30Hz (Wilcoxon,
p<0.05) and 60Hz (Friedman, p=0.002) (Fig. 3). MFB stimulation rapidly increased the call rate
(Fig. 2a) and the DA signal (Fig. 2b), with both effects appearing within approx. 1 s of

stimulation onset. In contrast, the vocalization response far outlasted the transient DA signal
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increase. A subset of stimulations (32% of total stimulations) produced an increase in phasic DA
in the NAcc without evoking an increase in call rate (for a summary of results for each rat under

each stimulation parameter, see Table S4).
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Fig. 2 Time course of 50-kHz call emission and phasic DA release following electrical
stimulation of the medial forebrain bundle (MFB). Stimulated DA release in the nucleus
accumbens (NAcc) was timed-locked to MFB stimulation (60 Hz, 24 pulses, biphasic,

2ms/phase, 100pA) and the onset of USV emission. Panel a shows an increase in call rate
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following MFB stimulation. The 1-s stimulation started at 0 s. Panel b is a color plot from a
representative rat, showing changes in DA current (green color) in relation to applied potential
(y-axis) and time (x axis), with onset of MFB stimulation occurring at t=0 s, at the oxidation
potential of dopamine (red arrow), i.e. approx. 0.65V (vs. Ag/AgCl reference). Panel ¢ shows the
corresponding background-subtracted cyclic voltammogram from the same rat at the point of

peak DA current seen in panel b.
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Fig. 3 Mean peak DA current for each electrode (n=5 electrodes) across various stimulation
parameters. At both frequencies tested (30 Hz - panel a; 60 Hz — panel b), peak DA current

increased with increasing current (respectively: Wilcoxon, p<0.05; Friedman, p=0.002).

Characterization of in vivo voltammetric signals

Electrically-evoked release Following stimulation of MFB fibers, DA was detected at almost all
recording sites, as revealed by background-subtracted CVs (Fig. 2b, ¢). The exception was
microsensor (i.e. electrode) #2 from rat 10, which was excluded from all analyses.
Pharmacological verification The peak DA current evoked by electrical stimulation increased

significantly following an acute administration of: the indirect DA/NA agonist amphetamine
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(paired t-test p<0.05); the D2 antagonist raclopride (paired t-test, p<0.05); and the DAT blocker
GBR12909 (Fig. S2, paired t-test, p<0.02). The three other pharmacological conditions could not
be assessed statistically because each drug was tested in a single rat; this is because two of the
three rats died prematurely, one day after an injection of desipramine/yohimbine, and the other
under anesthesia while its headcap was being repaired. See Table S2 for details of completed

drug conditions for each rat.

Histology Five electrode tips were confirmed to lie within the NAcc (Fig. S3). One electrode
location could not be verified and the corresponding data are not presented; this was the same

electrode (#2 of rat 10) where electrically-evoked catecholamine release was not obtained.

Experiment 2: Optogenetic stimulation of VTA dopaminergic neurons

One of the five rats in this experiment did not emit any USVs on test days and was thus excluded
from the analysis. The remaining four rats worked to obtain trains of optogenetic stimulation on
both FI-20 and VI-20 test schedules. As anticipated, responding was schedule-dependent. Thus,
rats pressed faster towards the end of the 20-s fixed interval, whereas they maintained a steady
response rate during the 20-s variable interval in which the timing of the stimulation was

unpredictable (Fig. 4).

Within the first 30 min of the test session, response rates were maintained (Fig. 5a-b) whereas

call rates steadily declined (Fig. 5d-f). Over the rest of the 2-h session, lever-press rates tended to

increase (Fig. 5¢), but 50-kHz calling remained virtually undetectable (mean 1 + 0.9 calls/min).
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Fig. 5 Mean lever presses and mean calls for each schedule (n=4 rats). Panels a and b show that
lever press rates under both schedules remained stable across successive 5-min time bins within
the first 30 min of the session. Panel ¢ shows that response rates tended to increase across the 2
hour session. Panels d and e show mean calls across Fl and VI reinforcement schedules,
decreasing over the first 30 minutes of the session for each rat. Panel f shows that the median
rate decreased over the first 30 minutes for all schedules. FI: fixed interval, VI: variable interval,

FT: fixed interval, VT: variable interval. All schedules are 20 s.

USV emission: call numbers, categories and timing with optogenetic stimulation

Rats called at a broadly similar rate before and after each stimulation (Fig. 6). Thus, call rates
occurring in the 10 s either side of the stimulation did not differ significantly on any of the four
schedules (Wilcoxon test, NS for each schedule). However, rats called less during the 1-s
optogenetic stimulation itself under all schedules except fixed time (Fig. 6). Overall, call rates
were significantly higher on ‘time’ schedules than on ‘interval’ schedules (Fig. 7b, Sign test,
p<0.02).

Call profiles (i.e. percentage prevalence of 14 call subtypes and two call categories) are shown in
Fig. 6 (insets) and Fig. S4. These profiles were comparable across the four schedules, and also
between the 10-s periods before and after each stimulation (Friedman, NS). Overall, the most
prevalent call subtypes were trills, flats, and flat-trills accounting for 49%, 15% and 10%

respectively (Table S5). Further details are given in Table S6.
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categories) before (-10 to -1) and after (1 to 10) the stimulation. The most common calls are
labeled (for details of call subtypes see Table S5). Fl: fixed interval, FT: fixed time, VI: variable

interval, VT: variable time. All schedules are 20 s.
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Fig. 7 Mean calls emitted during each reinforcement schedule. Mean number of calls emitted
under each schedule for each rat (n= 2 sessions), showing a significant increase in call number
when the optogenetic stimulation was non-contingent (VT and FT schedules) vs. contingent on a
lever-press (FI and VI schedules). FI: fixed interval, VI: variable interval, VT: variable time, FT:

fixed time. Sign-test *p<0.02 (n=8 i.e. 4 rats x 2 schedules)

Discussion

The present study provides two main novel findings. First, unexpected electrical stimulation of
the MFB elicited both phasic DA release in the NAcc (lasting approx. 2 sec) and a longer-lasting
increase in 50-kHz vocalizations. Second, neurochemically-selective optogenetic stimulation of

VTA DA neurons, although reinforcing, did not consistently elicit 50-kHz calls.
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Electrical stimulation of the MFB produced concurrent USV emission and phasic DA release in
the NAcc

In Experiment 1, unexpected electrical stimulation of the MFB elicited 50-kHz vocalizations
with minimal post-stimulation delay. Short-latency, electrically-evoked 50-kHz calling was
previously reported in association with VTA and six other brain regions (Burgdorf et al., 2007);
however, the relevant data were not presented for individual brain regions. The same authors
reported quite different results in an earlier study, which featured non-contingent (FT-20
schedule) electrical stimulation of the VTA (Burgdorf et al., 2000). Here, 50-kHz calls occurred,
not in immediate response to the stimulation, but rather in apparent anticipation of it. At least
three factors could contribute to these differences in outcome between these three studies. First,
Burgdorf et al. (2000) used a heterodyne bat detector which would have detected only the subset
of 50-kHz calls falling within its narrow frequency band. Second, our stimulation parameters
differ considerably from those used in the two earlier reports. Third, we have directly detected
the resultant DA release whereas in the earlier studies, evoked DA release was inferred from the

observed behaviour (i.e. reinforced responding).

Vocalizations co-occurred with electrically-evoked phasic DA release in the NAcc, but with
exceptions. Notably, during a significant minority of trials (32%), electrical stimulation elicited
phasic DA release but did not elicit any 50-kHz USVs. During these trials, peak DA release was
not noticeably lower, suggesting that calls are not simply triggered when a specific threshold of
peak concentration is achieved. In this context, it is worth noting that electrical stimulation of the

MFB releases many other transmitters, including 5-HT, acetylcholine, glutamate and
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noradrenaline, which all appear to modulate the emission of USVs (Brudzynski and Bihari,

1990; Wintik and Brudzynski, 2001; Wright et al., 2012; Wohr et al., 2015) .

Disappearance of USVs despite continued optical stimulation

Fifty-kHz calls gradually disappeared over the first 30 minutes of the 2-hour session, despite
continuing optogenetic stimulation of the VTA. There are several possible explanations for this
divergence. A trivial explanation would be that the larynx, which generates USVs (Johnson et al.
2010), became over-used and no longer capable of producing calls. However, this is most
unlikely since adult rats can sustain high 50-kHz call rates (>50 calls/min) for at least an hour
after acute amphetamine administration (unpublished). A second possibility is that with repeated
optogenetic stimulation, phasic DA transmission is no longer sufficiently enhanced to support
USV production. Three sets of observations support this notion. First, intense optogenetic
stimulation can partially desensitize channelrhodopsin-2 (Bamann et al. 2008; Lorenz-Fonfria
and Heberle 2014). Second, intracranial self-stimulation studies have shown that intense
neuronal activation can deplete the pool of releasable DA (Garris et al. 1999; Kilpatrick et al.
2000; Park et al. 2013). However, against this, phasic DA release was maintained over 2 hours
during electrical stimulation of the MFB applied at shorter stimulation intervals (10 s) (Cheer et
al. 2005) than used in our experiment. A third mechanism by which DA transmission might be
reduced is the desensitization of postsynaptic DA receptors, as has been observed in studies
using electrical stimulation or pharmacological manipulations (Beaulieu and Gainetdinov 2011).
This, too, appears unlikely given the persistence of optogenetic self-stimulation, a behaviour

which depends critically on phasic DA release (Bass et al. 2010; Bass et al. 2013; McCutcheon et
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al. 2014) and on functional D1 and D2 receptors in the nucleus accumbens (Steinberg et al. 2013;

Steinberg et al. 2014).

A final possibility that we considered is that by 30 minutes into the session, the self-stimulation

behaviour had become habitual and thus insensitive to the outcome, i.e. evoked DA release. Th

is

question was addressed experimentally, by testing an additional group of rats (n=4) in extinction

(Fig. S4). We found that when the optogenetic light source was turned off after one hour of self-

stimulation, subjects abruptly stopped lever pressing, and only resumed responding when the
stimulation was reinstated. Importantly, this experiment used more intense optogenetic
stimulation parameters than in Experiment 2 (Fig. S4 legend), which further suggests that
prolonged stimulation in Experiment 2 did not lose its effectiveness in activating DAergic

neurons (i.e. ChR2 not desensitized).

High USV call rate during the first 30 minutes of optogenetic stimulation of VTA DAergic
neurons

Early in the 2-hour session, optogenetic stimulation was associated with high rates of 50-kHz
calling (approx. 30 calls/min) with a marked decline across the first 30 minutes, across all four
schedules of delivery. However, during the 1-second optogenetic stimulation itself, call rates
tended to decrease even though extracellular DA concentrations were rapidly rising, based on
reports from anesthetized and freely-moving rats (Bass et al., 2010; MP Cossette and P Shizgal

unpublished).
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Call profile following optogenetic stimulation of VTA

Typically, 50-kHz vocalizations are analyzed as a single group of calls or are dichotomized as
frequency-modulated and flat subtypes (Portfors, 2007). However, 50-kHz calls are far more
heterogeneous, with at least 14 identifiable subtypes (Wright et al., 2010). During optogenetic
stimulation sessions, the most commonly emitted call was the trill subtype. Among 50-kHz call
subtypes, it is the trill call that is preferentially suppressed by DA-depleting lesions and DA
antagonist administration (Ciucci et al. 2009; Wright et al., 2013), two manipulations which
would be expected to reduce both tonic and phasic DA transmission. The preponderance of trill
calls in opto-stimulation sessions suggests that this call subtype is promoted by phasic DA

release.

Frequency-modulated calls, and trills in particular, occur in situations where positive affect
putatively occurs. For example, these calls are especially abundant in the following experimental
situations: (1) acute systemic administration of psychostimulants (Ahrens et al. 2009; Wright et
al., 2012; Chapter 2: Scardochio and Clarke, 2013; Simola et al. 2014), (2) anticipated delivery
of food or drug delivery (Buck et al. 2014a; Buck et al. 2014b; Opiol et al. 2015), (3) rough-and-
tumble play (Knutson et al. 1998), and (4) sexual behaviour (Snoeren and Agmo 2014). Since we
have shown that reinforced lever pressing can be dissociated from USV emission, it appears that

trill calls, insofar as they track positive affect, do so independently of positive reinforcement.
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Effects of different schedules of optogenetic stimulation of the VTA on USV call rates and
profiles

Call rate and call subtypes under ‘fixed’ (i.e. expected stimulation) and ‘variable’ (i.e.
unexpected stimulation) reinforcement schedules did not differ detectably. This suggests that 50-
kHz calls do not report reward prediction error, one of the reported functions of phasic DA
transmission (Schultz 1998; Glimcher 2011). Of the four schedules used in Experiment 2, the FI
and V1 schedules featured response-contingent reinforcement while the FT and VT schedules
involved non-contingent (“free”) reinforcement. Call rates were significantly higher following
non-contingent opto-stimulation of VTA DAergic neurons. In line with this, rats have been
shown to prefer rewards that require low effort (Gan et al. 2010), and the availability of such
rewards is concurrently reflected by phasic dopamine release in the NAcc (Day et al. 2010)
Furthermore, phasic DA has been shown to scale with rats’ preferred choices (Saddoris et al.
2015). The link between preferred rewards (i.e. low effort) and DA release, and our observed
increase in USV emission, suggests that USV call rate may potentially indicate preferences

between different rewards.

Limitations

Pharmacology In Experiment 2, several pharmacological verification tests were planned in order
to confirm the neurochemical identity of the FSCV signal evoked by electrical stimulation.
However, as detailed in Results, three drug tests were curtailed because of unforeseen adverse
events. For example, the combination of yohimbine and desipramine appeared highly toxic, even
though the same dose combination has been used previously without apparent ill effect (Park et

al., 2010). Despite the restricted pharmacological testing, two additional factors indicate that our
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FSCV signal would have been minimally contaminated by extracellular NA: first, our recording
electrodes were located in parts of the NAcc that receive little or no NA innervation (Park et al.,
2010) and second, the recording electrodes used here are reportedly more sensitive to DA than

NA (Clark et al., 2010).

VTA efferents Although we did not attempt to measure phasic DA release during optogenetic
stimulation of the VTA (Experiment 2), it is very likely to have occurred for three main reasons.
First, previous in vitro and in vivo studies have shown that optogenetic stimulation of VTA
DAergic neurons reliably evokes phasic DA release, in downstream targets such as the NAcc and
dorsal striatum (Bass et al., 2010; Chiu et al., 2014). Second, the virus transfection was restricted
to VTA DAergic neurons. Third, our unpublished recordings (MP Cossette and P Shizgal) have
confirmed that phasic DA release occurs in the NAcc following optogenetic stimulation of the

VTA, using identical stimulation parameters.

Optogenetic test day order In Experiment 2, the reinforcement schedules were tested in a fixed
order, as follows: fixed-interval, fixed-time, variable-interval and variable-time. This particular
sequence was chosen so as to limit the number of training sessions after the acquisition of FR1
responding. Testing order, however, would not have acted as a significant confounder given that

all four schedules dissociated persistent lever-pressing behaviour from declining USV emission.

Conclusion

We have confirmed that immediately following electrical stimulation of the MFB, rats start to

emit 50-kHz calls. The onset of these vocalizations coincided with phasic DA release in the
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NAcc. Optical stimulation of VTA DAergic neurons was associated with high 50-kHz call rates
and a trill-rich call profile, as occurs after systemic administration of psychostimulants.
However, because optogenetic stimulation of VTA DAergic neurons did not produce sustained
calling, experimentally-induced phasic DA release in the NAcc does not appear a sufficient

stimulus to induce 50-kHz call emission.
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Connecting Text 2

In the previous chapter, we tested our hypothesis that 50-kHz vocalizations are driven by phasic
DA release. We found that stimulation of dopaminergic (DAergic) neurons led to the emission of
50-kHz calls and phasic DA in the nucleus accumbens in a time-locked manner. We next showed
that selective activation of VTA DAergic neurons produced a high 50-kHz call rate. However,
calls were not time-locked with the transient stimulation of DAergic neurons. Furthermore, calls
decreased across the first 30 minutes of the session despite persistent stimulation. In the next
chapter, we examined the potential contribution of phasic DA release to the emission of 50-kHz
calls emitted following amphetamine administration. First, we used selective DA receptor
agonists to tonically activate post-synaptic receptors before the administration of amphetamine.
Next, we completed an amphetamine dose-response experiment during which we recorded both

USVs and phasic DA release (using fast-scan cyclic voltammetry) in freely moving rats.
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CHAPTER 4: Investigation of the role of phasic dopamine release in
amphetamine-induced rat ultrasonic vocalizations

Tina Scardochio, Stefan G Sandberg, Paul E. Phillips, Paul B.S. Clarke
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Abstract

Rationale Systemic administration of amphetamine (AMPH), an indirect dopaminergic and
noradrenergic agonist, reliably increases adult rat 50-kHz call rate. This stimulatory effect has
not been mimicked, however, by several other drugs that promote dopaminergic or noradrenergic
transmission, i.e. direct-acting receptor agonists and transporter blockers. We therefore
hypothesize that AMPH's ability to stimulate 50-kHz calling results from its reported ability to

increase the frequency and amplitude of phasic dopamine (DA) release events.

Objective To test whether: 1) AMPH-induced calling is inhibited by co-administration of DA
receptor subtype-selective agonists, and 2) 50-kHz vocalizations occur simultaneously with

transient DA release events.

Methods Ultrasonic vocalizations (USVs) were recorded in adult male rats after acute systemic
of dopaminergic drugs. In both experiments, subjects were initially screened with AMPH (1
mg/kg IP), primarily to exclude low callers. In Experiment 1, adult male rats were tested with:
AMPH (dose-response: 0, 0.1, 0.3, 0.6, 1.6 and 4 mg/kg IP), and subsequently AMPH (0.6
mg/kg IP) given alone or with single doses of the agonists A68930 (D1-like), quinpirole (D2-
like) or PD 128907 (D3). Experiment 2 comprised an AMPH dose-response study (same doses
as Experiment 1) in which phasic DA release events were concurrently monitored in the nucleus

accumbens (NAcc) using fast-scan cyclic voltammetry.

Results In both experiments, intermediate doses of AMPH strongly increased 50-kHz call rates,

with the trill call subtype becoming especially prevalent. In contrast, in Experiment 1, the D1-
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like agonist A68930 and the D2/D3 selective agonist quinpirole both decreased AMPH-induced
calling; quinpirole also inhibited calling when given alone. The D3-selective agonist PD 128907
had no detectable effect. In Experiment 2, AMPH not only stimulated 50-kHz calling but also
increased the amplitude of phasic DA events in the NAcc, without affecting their frequency or

duration. However, most USVs (>95%) occurred in the absence of phasic DA events.

Conclusions Our pharmacological findings are consistent with the hypothesis that AMPH-

induced calling is mediated by phasic DA release in the brain. However, phasic DA release

events occurring in the NAcc appear neither sufficient nor necessary for 50-kHz call emission.
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Introduction

Adult rat ultrasonic vocalizations (USVs) are commonly divided into two main categories, 22-
kHz and 50-kHz, respectively associated with negative and positive affect (Knutson et al. 2002;
Brudzynski 2013). The 50-kHz call type is heterogeneous, with at least 14 distinct subtypes
(Wright et al. 2010). The emission of 50-kHz calls depends on multiple neurotransmitter systems
(Fu and Brudzynski 1994; Brudzynski and Barnabi 1996; Wintink and Brudzynski 2001; Arnold
et al. 2010; Wright et al. 2012; Sadananda et al. 2012; Wright et al. 2013; Chapter 2: Scardochio
and Clarke 2013; Wohr et al. 2015), among which the mesolimbic dopaminergic (DAergic)
system has been extensively implicated (Cagiano et al. 1989; Burgdorf et al. 2001; Wintink and
Brudzynski, 2001; Burgdorf et al. 2007; Ciucci et al. 2009; Bialy et al. 2010; Brudzynski et al.
2012; Wright et al., 2013; Chapter 2: Scardochio and Clarke, 2013; Willuhn et al. 2014). For
example, both spontaneous and drug-induced calls are strongly inhibited by manipulations that
reduce DAergic transmission, i.e. administration of DA receptor antagonists (Thompson et al.,
2006; Wright et al., 2013; Chapter 2: Scardochio and Clarke, 2013) or 6-hydroxydopamine and
electrolytic lesions of the lateral hypothalamus or ventral tegmental area (VTA) (Burgdorf et al.,
2007).

Fifty-kHz calls, especially the trill subtype, are reliably elicited by systemic administration of
psychostimulants including d-amphetamine (Burgdorf et al., 2001; Thompson et al. 2006;
Ahrens et al. 2009; Wright et al. 2010a; Wright et al., 2013; Chapter 2: Scardochio and Clarke,
2013; Simola et al. 2013; Simola et al. 2014; Wohr et al., 2015). In marked contrast, direct DA
agonists inhibited 50-kHz calling (Chapter 2: Scardochio and Clarke, 2013), and in addition, the
DA and noradrenaline transporter blockers, given alone or together, failed to elicit calls (Wright

etal., 2012).
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How to explain these disparate findings? Among DAergic drugs, psychostimulants appear
unique in their ability to increase phasic DA release (Heien et al. 2005; Cheer et al. 2007;
Owesson-White et al. 2009; Daberkow et al. 2013; Covey et al. 2013; Cameron et al. 2014). In
the present study, we hypothesized that phasic DA release promotes the emission of
amphetamine-induced calls. As noted above, both DAergic antagonists and agonists decrease 50-
kHz calling after systemic administration (Chapter 2: Scardochio and Clarke, 2013). These two
drug classes have opposite effects on tonic DA transmission, but they share the ability to blunt
the postsynaptic impact of phasic DA release events. This common effect arises because DA
agonists tonically activate postsynaptic DA receptors, thereby masking the intermittent receptor
activation that would normally follow phasic DA release. Therefore, AMPH-induced 50-kHz call
emission, if driven by phasic DA release, should be inhibited by a DA agonist. In Experiment 1,
we tested the effects of co-administering AMPH with DA receptor subtype-selective DAergic
agonists. Subsequently, in Experiment 2, we simultaneously recorded AMPH-induced USVs and
phasic DA release in freely-moving animals; this approach allowed us to investigate how USV
occurrence might be related to the timing, frequency, duration and amplitude of transient DA

release events.
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Methods

Subjects

Subjects were 32 (Experiment 1) and 15 (Experiment 2) experimentally naive male Long-Evans
rats (Charles River Laboratories, St. Constant, Quebec, Canada). Rats weighed 236-275 g at the
start of the experiment (Experiment 1) and 359-530 g at surgery (Experiment 2). Subjects were
housed two per cage in a temperature and humidity-controlled colony room (20-22 °C, 50-60 %).
Home cage bedding consisted of laboratory grade Sani-Chips (Harlan Laboratories, Indianapolis,
IN). Rats were kept on a reverse 12:12h light/dark cycle, with lights off at 0730 hours.
Behavioural testing took place between 0800 and 1300 hours. Food and water were available ad
libitum, except during testing. Subjects were handled once daily for 2-5 min, for 2-4 days prior
to the first experimental day. All procedures were approved by the McGill Animal Care

Committee in accordance with the guidelines of the Canadian Council on Animal Care.

Acoustic data acquisition and identification of ultrasonic vocalizations

The testing procedure and acoustic analysis were as previously described (Wright et al., 2010).
For Experiment 1, clear Plexiglas™ experimental boxes (ENV-007CT, Med Associates, St.
Albans, VT) were used. Each box was enclosed in a separate melamine compartment lined with
sound-attenuating acoustic foam (Primacoustic®, Port Coquitlam, BC). For Experiment 2, the
testing box was enclosed in a Faraday cage (made in-house) lined with sound attenuating
acoustic foam. Ultrasound condenser microphones (CM16/CMPA, Avisoft Bioacoustics, Berlin,
Germany) were located at the top center of each experimental box, 25-40 cm from the rat.
Microphone signals were delivered to an UltraSoundGate 416H data acquisition device (Avisoft

Bioacoustics) with a sampling rate of 250 kHz and 16-bit resolution. Avisoft SASLab Pro
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software (version 5.1.14, Avisoft Bioacoustics, Berlin, Germany) was used for acoustical
analysis. Spectrograms were created with a fast Fourier transform length of 512 points and an
overlap of 75% (FlatTop window, 100% frame size), yielding a frequency resolution of 490 Hz
and a time resolution of 0.5 ms. Calls were selected and classified manually from spectrograms
by an individual masked to treatment conditions. Since few 22-kHz USVs (i.e. 20-30 kHz) were
observed, we report only data for USVs of the 50-kHz type. Call rate was defined as the total
number of 50-kHz calls per minute. All calls were categorized, as defined by Wright et al.
(2010), into one of 14 subtypes or in approximately 1% of cases, into one of two categories. The
two categories were: ‘unclassifiable’ (call was not loud enough or noise was present, preventing
reliable subtyping) and ‘miscellancous’ (call was visible but did not clearly fit one of the 14

subtypes).

Statistical analysis

Data were analyzed using commercial software (Systat v11, SPSS, Chicago, IL; GraphPad
Prism4, La Jolla, CA). Use of parametric vs. nonparametric tests was guided by the distribution
of the data (e.g. variance heterogeneity). Specific comparisons were performed using paired t-
tests, Wilcoxon signed-rank tests or Sign tests. Differences between multiple vehicles were
assessed by one-way ANOVA or Friedman’s nonparametric analysis of variance. For all tests, a

two-tailed p value less than 5 % was considered significant.
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Experiment 1 Systemic administration of DAergic drugs

Experimental protocol

Initial amphetamine (AMPH) screen Before the main phase of testing, all rats (n=32) underwent
an initial AMPH screen (Wright et al., 2010). This allowed us to remove the significant minority
of rats that emit few 50-kHz vocalizations in response to systemic AMPH (Wright et al., 2010),
as well as to increase the acute USV response to this drug in the remaining rats. Accordingly,
rats were recorded for 20 min starting immediately after acute systemic injection of AMPH (1
mg/kg IP), on four occasions spaced 2 days apart. Ultrasonic vocalizations emitted during the
12" 14™ and 16™ minute on the 4™ day were counted. The 15 rats with the lowest call numbers
were removed from the study, leaving a group size of 17.

Drug tests Testing resumed 7 days later. Each rat underwent two blocks of testing, which
together comprised 19 test sessions spaced 2 days apart. In the first block (7 sessions), rats were
tested with saline (twice) and AMPH (0.1, 0.3, 0.6, 1.6 and 4 mg/kg IP). The second block (12
sessions) comprised tests with a submaximal dose of AMPH (0.6 mg/kg) and a DA receptor
agonist (A68930, quinpirole, or PD 128907), given either alone or in combination. All test drugs,
doses, injection times and systemic routes of administration are shown in Table 1. Fully factorial
within-subject designs were employed (i.e. each rat was tested under each drug condition). The
drug and treatment conditions within each experiment were counterbalanced as nearly as subject
numbers allowed. The session duration (30 min) and injection-test intervals were chosen to

accommaodate the behavioural time course of all drugs (Chapter 2: Scardochio and Clarke, 2013).
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Drugs

The following drugs were used: the D1-like agonist A68930 hydrochloride, the D2/D3 agonist (-
)-quinpirole hydrochloride (Sigma Aldrich, Oakville, ON), the D3 agonist (+)-PD 128907
hydrochloride (Tocris Bioscience, Minneapolis, MN) and D-amphetamine (Sigma-Aldrich,
Poole, UK). All doses are expressed as salt and all drugs were dissolved in 0.9% sterile saline.
The timing and pH of each control (vehicle) injection matched that of the respective drug. Drugs
were administered in a volume of 1 ml/kg, either by the IP or subcutaneous (SC) route (see Table
1). All doses were chosen based on their effectiveness in multiple behavioural assays, as

previously reviewed (Chapter 2: Scardochio and Clarke, 2013).

USV data analysis

Data analysis was restricted to selected time bins within each session (see Table 1 for details).
For the first test block (AMPH alone), these were based on the known behavioural time course of
AMPH-induced USVs (Wright et al., 2010; Wright and Scardochio unpublished data). For the
second block (DAergic agonistss AMPH), time bins were evenly spaced across the session (see

Table 1 for details).

Experiment 2 Fast-scan cyclic voltammetry

Electrochemical microsensor and reference electrode fabrication

Dopamine microsensors (i.e. working electrodes) and reference electrodes for chronic

implantation were fabricated as previously described (Clark et al. 2010; Fortin et al. 2015).

Briefly, a carbon fiber (grade 34-700; Goodfellow Corporation, Caraopolis, PA, USA) was
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threaded through a fused silica shaft (Polymicro Technologies, Phoenix, AZ, USA) while
submerged in 2-propanol. A short length (approximately 17 mm) of carbon fiber was left
protruding and a small drop of two-component epoxy (Lepage Speed Set Epoxy ™) was applied
to the same end and allowed to dry for 3-5 hrs. Next, silver epoxy (MG Chemicals, Allied
Electronics, Fort Worth, TX, USA) was applied to the other end of the silica shaft in order to
secure electrical contact between the carbon fiber and a gold-plated beryllium-copper PCB
socket (Newark Element 14 #23K7802, Chicago, IL, USA). The silver epoxy was left to dry
overnight and then coated with two-component epoxy. The protruding length of carbon fiber was
trimmed to 150-200 pum.

Reference electrodes were each made from a piece of silver wire (A-M systems, bare: 0.010",
coated: 0.013"), cut to a length of approximately 1 cm and the plastic coating was removed. A
small drop of silver epoxy was applied to the open end of a nickel-plated brass pin (Newark
Element 14 #82K7794, Chicago, IL, USA) and the silver wire was inserted. Once dry, the silver
epoxy was covered with two-component epoxy and the protruding silver wire was trimmed to
approximately 3 mm. To create a silver/silver chloride surface, the protruding wire was soaked in

a 10% sodium hypochlorite solution overnight.

Voltammetry surgery

Please note: the rats implanted with stimulating electrodes are the same four rats from Chapter 3.
All surgical procedures followed aseptic technique. Rats were anesthetized with isoflurane (5%
induction, 2-2.5% maintenance, AErrane, Baxter). The scalp was shaved and the animal was
placed in a stereotaxic frame. Polyvinyl alcohol (1% wi/v, HypoTears gel, Novartis) was applied

to the eyes and a non-steroidal anti-inflammatory analgesic (carprofen, 5 mg/kg SC) and 0.9%
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sterile saline (2 mL, SC) were administered. Baxedin™ antiseptic (0.05% w/v chlorhexidine
gluconate + 4% v/v isopropyl alcohol) and local anesthetic (50:50 v/v mixture of 2% lidocaine
and 0.5% bupivicaine) were applied to the scalp, and then a midline incision was made. Skull
holes were drilled and cleared of dura mater above the nucleus accumbens core (2.0 mm lateral
and 1.7 mm rostral to bregma) and shell (0.9 mm lateral and 1.5 mm rostral to bregma). Two
microsensors were implanted in each rat (core and shell, one in each hemisphere). In 4 of the 15
rats, a skull hole was drilled in order to position a stimulating electrode (Plastics One, MS303/2-
AJSP) above the medial forebrain bundle (MFB; 1.3 mm lateral and 4.6 mm caudal to bregma).
Four to five additional holes were drilled at convenient locations, to accommodate a reference
electrode and 3-4 stainless steel anchor screws. The reference electrode was lowered 3-4 mm
from the skull surface and one screw was secured in the skull; the reference electrode and screws
were anchored with cranioplastic cement, leaving the stimulating electrode and microsensor
holes exposed. For rats (n=11) without a stimulating electrode, the two microsensors were
lowered (0.2 mm/min) into the target recording regions (7.4 mm ventral of the brain surface for
core and shell of nucleus accumbens). For the remaining four rats receiving stimulating
electrodes, the two microsensors were first attached to the voltammetric amplifier and then
lowered (0.2 mm/min) into the target recording regions (7.4 mm ventral of the brain surface for
core and shell of nucleus accumbens). In order to optimize the placement of the stimulating
electrode, the voltammetric waveform was applied at 10 Hz and background electrical signal was
monitored. Next, the stimulating electrode was lowered slowly (0.2 mm/min) to 7.2 mm below
the dura mater, and electrical stimulation (24 biphasic pulses, 60 Hz, + 120 pA and 2 ms per
phase) was applied via an optically isolated, constant-current stimulator (A-M Systems, Sequim,

Washington). If an evoked change in catecholamine concentration was not observed at the
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microsensor, the stimulating electrode was lowered in 0.3 mm steps until electrically-evoked DA
efflux was detected. The electrode was then lowered in 0.1 mm increments until DA release was
maximal. This occurred when the stimulating electrode was between 8.4-8.7 mm ventral from
the brain surface. If DA was not detected at this point, the stimulating electrode was lowered to
8.7 mm. Commonly, electrically-evoked DA is not detected during surgery (here, 3/8 electrodes)
but becomes detectable once the electrodes have stabilized (e.g. 30 days later); this is thought at
to be due, least in part, to heterogeneous microenvironments in the NAcc (Wightman et al.
2007). These microenvironments may support stimulated DA release but have a low frequency of
transients; thus, these transients are less likely to be detected during the brief surgery recording.
Finally, for all rats (n=15), cranioplastic cement was applied to the exposed skull to secure the
microsensors, the 2-3 additional screws and for 4 rats, the stimulating electrode. For post-

operative pain management, carprofen was administered every 24 hours for four days.

Voltammetric data acquisition

For details of hardware and software (see Fortin et al., 2015). Waveform generation and data
acquisition were carried out by using two input/output cards (NI PCI-6052E an NI PCI-6711,
National Instruments, Quebec, Canada) and software written in LabVIEW (National
Instruments). Signals from chronically implanted microsensors were forwarded to the data
acquisition system via a head-mounted voltammetric amplifier (current-to-voltage converter) and
an electrical swivel (Crist Instrument Co Inc., Hagerstown, MD) mounted in the Faraday cage.
The Faraday cage was a locally constructed metal cabinet that was grounded and insulated to
exclude electrostatic and electromagnetic noise. The voltammetric amplifier comprised an

operational amplifier with a feedback resistor (R¢ 5 MQ), in parallel with a 6 pF capacitor to
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exclude high frequencies. To filter out operational amplifier noise, additional capacitors bridged
each of the power sources (+15 V, —15 V) with ground. On each test day, to promote a stable
background current, rats were connected to the head-mounted voltammetric amplifier and
working electrodes were cycled with the voltammetric waveform at 60 Hz for 30 minutes and
then at 10 Hz for 15 minutes (Moussy and Harrison 1994). It is not uncommon to observe a 200
mV shift in potential at reference electrodes within a few days (Heien et al., 2005). This shift can
be detected by the position of the Faradaic peaks within the background current. When observed,
this was corrected by applying a 200 mV offset to the waveform (Heien et al., 2005).
Voltammetric recordings consisted of a series of fast voltage scans, repeated at 100 ms intervals
(i.e. 10 Hz). Each scan lasted 8.5 ms and comprised an ascending and descending linear (400
V/s) sweep between -0.4 and +1.3 V, applied to the microsensors in relation to the Ag/AgCl
reference electrode. The potential was held at —0.4 V versus the Ag/AgCI reference electrode

between scans.

Experimental protocol

Overview Rats were tested one month after surgery to allow the electrodes to stabilize (Polikov
et al. 2005; Kozai et al. 2014). Testing comprised four phases: (1) initial AMPH screen, (2)
AMPH dose-response, (3) final AMPH screen (in a subset of rats) and (4) characterization of in
vivo voltammetric signals. Six rats were removed from the study either because they did not
survive the surgery or because they lost their cranioplastic implant during the month between
surgery and testing (n=9 rats remaining).

Initial amphetamine screen Rats (n=9) underwent an initial AMPH screen which served to: 1)

increase the acute response to AMPH and 2) to expose the rats to comparable conditions as in
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Experiment 1. Rats were not connected to the head-mounted voltammetric amplifier to record
DA transients during this time. Three 20-min sessions were given, spaced 2 days apart, each
starting immediately after an acute systemic injection of AMPH (1 mg/kg IP, given in a volume
of 1 mL/kg). Ultrasonic vocalizations emitted during the 12", 14™ and 16™ minutes on the 3" day

were analyzed.

AMPH dose-response Testing resumed 5 days later. Rats were tested every other day, in seven
test sessions. Each rat was tested under all conditions i.e. 5 doses of AMPH and saline (twice).
Rats were connected to the head-mounted amplifier, and electrode cycling was performed to

completion (see above). Starting immediately after injection, both phasic DA events and USVs

were recorded for 30 min.

Final amphetamine screen Unexpectedly, rats challenged with AMPH called at a lower rate
during the AMPH dose-response sessions than during the preceding AMPH screen. This raised
the possibility that calling had been inhibited by the voltammetric headstage and tether, which
were present only on test days. To assess this, a subset of rats (n=4) were subsequently retested
with AMPH (1 mg/kg) in two sessions, spaced one day apart: 1) under the same conditions as the

initial AMPH screen and 2) in the voltammetry test box and not connected to the headstage.
Characterization of in vivo voltammetric signals

These carbon fiber microsensors have been well validated for the detection of DA by FSCV

(Wightman et al. 1988; Heien et al. 2003; Heien et al. 2004; Clark et al., 2010). However, our in
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vivo voltammetry signals were further confirmed using four criteria: electrochemical,

behavioural, pharmacological and anatomical, as follows.

Electrochemical validation (these data are the same as presented in Chapter 3) Electrical
stimulation of the MFB can act as a positive control for the detection of DA using FSCV
(Roitman et al. 2004). In the four rats implanted with stimulating electrodes, stimulation of the
MFB was used to detect phasic DA release in the NAcc (24 equally spaced biphasic pulses, 2

ms/phase, 60 Hz, 120 pA).

Unexpected sucrose pellet Unexpected natural rewards increase phasic DA release in the nucleus
accumbens (Day et al. 2007; Wassum et al. 2012; Park et al. 2012). Therefore, in the 5 rats that
lacked stimulating electrodes, we monitored DA transients occurring in response to unexpected
reward delivery, as follows. First, rats were habituated to sugar pellets (Dustless Precision
Pellets®, 45mg sucrose, Bio-Serv) in their home cage for 3 consecutive days (~12 pellets/day).
On test day, 5 unexpected sugar pellets were delivered via an externally-mounted rubber tube

half-way through a 2-min voltammetric recording session.

Pharmacological validation Dopamine and noradrenaline are indistinguishable by FSCV alone
(Heien et al., 2003). Therefore, once Experiment 2 was complete, electrochemical signals were
further characterized; transients were recorded in all rats (n=8, one rat was removed due to
electrode instability) following acute systemic drug injections. Voltammetric events were
recorded for 30 min starting immediately after drug injection. In addition, electrically evoked

DA was recorded at three time points: immediately before drug injection, and 15 and 35 min
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after injection. The following drugs were tested: the D2/D3 receptor agonist (-)-quinpirole
hydrochloride (Sigma Aldrich, Oakville, ON), the dopamine transporter blocker GBR12909
2HCI (NIMH Chemical Synthesis and Drug Supply Program), the D2/D3 antagonist raclopride,
the a2-adrenoreceptor antagonist yohimbine (Tocris Bioscience, Minneapolis, MN), the
norepinephrine transporter blocker desipramine hydrochloride (Sigma-RBI, St. Louis, MO) and
D-amphetamine (Sigma-Aldrich, Poole, UK). Not all drugs were tested in each rat; see the
Results section and Table S2 for details. All doses are expressed as the salt, and all drugs were
administered by the IP route (see Table S1 for drug details). All drugs were dissolved in 0.9%
sterile saline except for: GBR12909 in dimethyl sulfoxide (19% DMSO in saline) and yohimbine
in distilled water. The timing and pH of each control (vehicle) injection matched that of the
respective drug. Drugs were administered in a volume of 1 ml/kg except for GBR12909 (2
ml/kg).

Histological verification of recording sites Dopamine is the predominant electroactive
neurotransmitter of the nucleus accumbens, and more specifically, in the lateral core (Garris et
al. 1994) and rostral shell subregions (Park et al. 2010); thus, these were our targeted regions for

microsensor implantation.

Once the pharmacological verification was complete (see above), the rats that retained intact
head-implants (n=6) were deeply anesthetized with ketamine (100 mg/kg, IP) and xylazine (20
mg/kg, IP) and were transcardially perfused with saline and a 10% aqueous formalin solution
(Sigma, St. Louis, MO). Brains were flash-frozen at -50°C with 2-methylbutane (Acros Organics,
New Jersey, USA), sectioned on a cryostat (25 um coronal sections, -20 °C), mounted on

microscope slides, and stained with Cresyl violet to better reveal anatomical structures. In 5 of
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the 6 rats, an electrolytic lesion (+0.8 mA, 20s, direct current) was made before the perfusion
step, to facilitate the histological identification of the recording site. This was done by applying
current directly through each carbon fiber electrode. All electrode placements were histologically

confirmed to be in the nucleus accumbens (Fig. S3).

Statistical analysis of FSCV data

Each recording electrode (two per rat) was treated as an independent unit. Even within a given
animal, there is considerable variability between recording electrodes, likely reflecting: 1) the
density of DA terminals at recording sites differ (Garris et al., 1994; Peters et al. 2000), 2) DA
terminals within a given region differ in the extent to which they are autoinhibited (Moquin and
Michael 2009) and 3) there exists spatial and temporal heterogeneity of DA transmission in the
ventral striatum, where electrically-evoked responses differ in both amplitude and temporal
profile (Wightman et al., 2007; Shu et al. 2013). We time-sampled the voltammetric and USV
recordings for analysis, and the following minutes were selected based on the known behavioural
time course of AMPH-induced USVs: 13, 16, 19, 22 and 25. Electrochemical data were analyzed
using software written in LabVIEW 7.1 (National Instruments). For every recording session, the
chemical signature (cyclic voltammogram) of drug-evoked phasic DA release was statistically
compared to several template cyclic voltammograms of DA. These templates (i.e. training set)
were obtained from electrically evoked DA release after stimulation of the MFB (Clark et al.,
2010). This comparison was done by principal component analysis (PCA) (Keithley et al. 2009).
Four principal components were retained, based on Malinowski’s F test (Einax 2006),
accounting for >99.5% of the variance. The quality of the fit was evaluated by comparing the

predicted and observed data. The residual sums of squares value (i.e. Qt) was compared to a
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critical value (Qa). This threshold for significance is set by the amount of noise in the recorded
data based on the amount of error contained in the discarded principal components. Namely, if
the Qt values exceed the Qa, then the recorded signal contains noise that exceeds that which is
anticipated from the remaining principal components. Qt must then be greater than 1.645 (90%
confidence interval) to define a transient event, and this criterion must be achieved for at least
two consecutive scans (Cheer et al. 2004). Verification of our electrically-evoked and sugar
pellet-evoked DA signals was performed using the ‘CV match’ algorithm (Wightman et al.,
1988; Heien et al., 2004; Clark et al., 2010) written in CV Analysis (LabVIEW 7.1, National
Instruments). Briefly, the resultant cyclic voltammogram was compared with a template
voltammogram obtained from an electrically-evoked (24 equally spaced biphasic pulses, 2
ms/phase, 60 Hz, 120 pA) in vivo recording, and a correlation coefficient was obtained. The
phasic event was determined to be dopaminergic if the correlation coefficient was >0.75 and
transients were required to meet this criterion for at least two consecutive scans (Heien et al.,

2003; Cheer et al., 2004).

Results

Experiment 1 Systemic administration of DAergic drugs

Initial amphetamine screen

During this initial screen, the median 50-kHz call rate was 17 calls per min, with considerable
inter-rat variability (interquartile range (IQR) 3-50, n=32 rats). After exclusion of low callers
(see “Methods”), the median call rate was 46 calls per min (IQR 27-65, n=17 rats). During this
screen, and in subsequent testing, 22-kHz calls were seldom observed; hence, they are not

reported here.
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Amphetamine dose-response

One rat emitted no calls in any condition and was therefore eliminated from the study, leaving 16
rats for subsequent analysis. Call rates during the two control (saline) tests were averaged for
each rat, as they did not differ significantly (Wilcoxon’s signed-rank test, NS). AMPH
significantly increased calling at two middle doses: 0.6 and 1.6 mg/kg (Wilcoxon: p<0.01 and

p<0.001, respectively; Fig. 1).
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Fig.1 Experiment 1: Dose-dependent (a) and time-dependent (b) effects of amphetamine (0, 0.1,
0.3, 0.6, 1.6 and 4 mg/kg IP) on 50-kHz call-rate (n=16 in both panels). Panel a is a box plot
showing median + IQR with range (min and max) represented by whiskers. Panel b shows
median calls per 1-min time bin within the 30-min session. ** p<0.01, *** p<0.001 vs. saline (0

mg/kg) ; T p<0.01 vs. dose 4 mg/kg

Receptor subtype-selective dopamine agonists
The counterbalanced block of DA agonist testing included three tests with saline and three tests
with AMPH alone (0.64 mg/kg). Since the call rates were statistically indistinguishable within

each of these two conditions, the saline and AMPH data were separately averaged for each rat.
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As expected, call rates were low after saline administration and were increased by AMPH when

given alone (Fig. 2b, Wilcoxon: p<0.001).

When the three DA agonists were given alone, only quinpirole (D2/D3-selective) significantly
reduced the 50-kHz call rate (Wilcoxon: p<0.01; Fig. 2a); this drug almost abolished calling.
Agonist effects on AMPH-induced calling were assessed by comparing AMPH-saline difference
scores, i.e. with vs. without agonist pretreatment (Fig. 2b). Both the D1-like and the D2/D3-

selective agonists decreased AMPH-induced 50-kHz call emission (Wilcoxon, p<0.002).
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Fig. 2 Experiment 2: Effects of dopamine receptor subtype-selective agonists on (a) spontaneous
50-kHz calling and (b) amphetamine-induced 50-kHz calling (i.e. with the corresponding saline
call rate subtracted). a The D1 agonist A68930 (A6; 0.25 mg/kg SC), D2/D3 agonist quinpirole
(Q; 0.1 mg/kg IP), D3 agonist PD 128907 (PD; 0.01 mg/kg, SC) or saline (SAL) was
administered before a saline injection. b A68930, quinpirole and PD 128907 administered before
an amphetamine (0.64 mg/kg IP) injection. Each rat (n=16) was tested under all conditions.

Calls/min were calculated from selected time bins (minutes 13, 16, 19, 22 and 25 of the 30-min
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session) and are represented as median + IQR with range (min and max) described by whiskers.

**p<0.01, ***p<0.001 vs. SAL, Wilcoxon’s tests

Experiment 2 Fast-scan cyclic voltammetry

Characterization of the voltammetric signal

Electrically-evoked release Dopamine was detected at all but one recording site, as revealed by
background-subtracted cyclic voltammograms (Fig. S1), following electrical stimulation of cell
bodies in the MFB.

Unexpected sucrose pellet Sucrose delivery reliably evoked phasic DA release at 4 of the 6
electrodes (Fig. S2). Consistent with previous reports (Robinson and Wightman, 2007), multiple
recording sessions (~3) were required to observe this increase in phasic DA in response to the
unexpected pellet delivery.

Pharmacological verification All electrodes tested (n=5) displayed the expected
pharmacological responses. Thus, electrically-evoked peak DA current significantly increased
following an acute administration of the indirect DA/NA agonist amphetamine (paired t-test
p<0.05), the D2 antagonist raclopride (paired t-test, p<0.05) and the DAT blocker GBR12909
(Fig. S2, paired t-test, p<0.02). The three other pharmacological conditions could not be assessed
statistically; this is because two rats died prematurely, leaving only one rat tested per remaining
condition. The first rat died within 24 hours of receiving DMI/YO, and so this drug combination
was not tested in the other subjects. The second rat succumbed to anesthesia while the
cranioplastic implant was being repaired. See Table S1 for details of completed drug conditions

for each rat.
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Histology Most (10/12) electrode placements were histologically located in the NAcc (Fig. S3).
The remaining electrodes (#2 for rats 4 and 10) could not be located since no corresponding

electrolytic lesion was observed.

Call rates: initial AMPH screen, AMPH dose-response block and AMPH post-screens

During the initial AMPH (1 mg/kg IP) screen, the median call rate was 58 calls per min, (IQR
53-83) and all rats (n=9) were retained. During the AMPH dose-response block, the two control
(saline) tests did not significantly differ with respect to 50-kHz call rates (Wilcoxon’s signed-
rank test, NS), and these data were averaged for each rat. AMPH significantly increased calling
at the three highest doses tested: 0.6, 1.6 and 4 mg/kg (Wilcoxon: p<0.05-0.02; Fig. 3, n=9). The
median (IQR) calls per min for saline and AMPH doses 0.1, 0.3, 0.6, 1.6 and 4 mg/kg were as

follows: 3 (0.8-9.6) , 1 (0-3), 1 (0-4), 5 (2-7), 33 (22-41) and 4 (0-17).

Call rates during the AMPH dose-response block were lower than during the initial screen. This
finding suggested that during voltammetric recording, call emission might have been inhibited
by tethering to the electrical swivel. This notion was supported by a follow-up experiment in
which a subset (n=4) of animals was retested with AMPH (1 mg/kg IP), while untethered: once
in the test box used in the initial screen, and subsequently in the voltammetric test box. Call rates
(median, IQR, per min) were 62 (52-73) and 68 (64-71), respectively; call rates were generally

higher than for the same rats during the AMPH dose-response tests.
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Fig. 3 Dose-dependent effect of amphetamine on 50-kHz call rate. Amphetamine increased 50-
kHz vocalizations at the three highest doses tested. *p<0.05; **p<0.02 vs. zero dose (Wilcoxon’s

tests, n=9 rats). Call rate is median + IQR with range (min and max) represented by whiskers.

Effects of amphetamine on spontaneous phasic DA events and relation to USV emission

For reasons described above, data from 8 electrodes were excluded, leaving 10 electrodes in the
final analysis (see ‘Statistical analysis of FSCV data’ and ‘Characterization of the voltammetric
signal’). Based on an initial analysis (Wilcoxon tests), each phasic DA parameter (number of DA
transients, transient duration and peak DA current) was individually averaged across the two
saline sessions for each rat. AMPH increased the mean peak DA current, with a significant effect
at all doses except the lowest (paired t-tests with, p<0.02-0.05, Fig. 4b); in contrast, the
frequency and duration of DA transients appeared unaffected (paired t-tests with HB correction,
NS, Fig. 4a and c).

Of particular note, AMPH increased the rate of 50-kHz call emission (see above) without
detectably increasing the occurrence of transient DA release events. Overall, 50-kHz calls

outnumbered DA transients by a factor of 4-10 (depending on dose), and there was very little co-
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occurrence between the two types of events. Thus, for all treatment conditions (saline and five
amphetamine doses), the majority (> 95%) of calls occurred in the absence of a phasic DA event
(within 0.2 s before or after call onset; Table 2). When the criterion for call-occurrence was
expanded to 1 s before or after call onset, the % of calls occurring in the absence of transients
remained unchanged. The median percentage of calls co-occurring with transients, for saline and
AMPH doses 0.1, 0.3, 0.6, 1.6 and 4 mg/kg were as follows: 0 (0-0), 0 (0-0.8), 0 (0-0), 0 (0-1.1),

3.7 (1.9-5.6) and 3.9 (0-20).
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Fig. 4 Effects of amphetamine on frequency, amplitude and duration of phasic DA events (n=10
electrodes). AMPH did not significantly increase the mean frequency (panel a: repeated-

measures ANOVA, NS) or mean duration (panel c: Wilcoxon tests, NS) of these events.

However, AMPH significantly increased the mean amplitude of phasic DA at all doses tested

except the lowest. *p<0.05; **p<0.02 vs. zero dose, paired t-tests).
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Table 1 Summary of drug conditions for each experiment and phase

Exp Pre-treatment Post-treatment Analysis
Drug Dose Route | Time before Drug Dose Route | Time before Session Minutes sampled
(ma/kg) testing (min) (mg/kg) testing (min) length (min)
1 -—-- 0, 0.1, 0.256, 0.64, 1.6, 4 IP administered 30 13, 16, 19, 22, 25
28 D1-like agonist A68930 0,0.25 SC 20 DA/NA indirect | D-amphetamine | 0, 0.64 immediately 5, 10, 15, 20, 25
D2/D3 agonist Quinpirole 0,0.1 IP 5 agonist before testing
D3 agonist PD 128907 0,0.01 SC 10

®Each rat was also tested with amphetamine (1 mg/kg IP, positive control) within the counterbalanced design.
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Discussion

Relationship between amphetamine dose and USV response

Consistent with previous studies (Wright et al., 2010a; Wohr et al., 2015), AMPH maximally
increased 50-kHz call rates at doses of 1-2 mg/kg. By extending the AMPH dose range, we have
revealed an inverted-U relationship, with the highest AMPH dose (4 mg/kg) producing little or
no increase in call rate. A comparable profile occurs for the locomotor stimulant effect of AMPH
(Sahakian et al. 1975; Finn et al. 1990), although the two behavioural effects are
pharmacologically dissociable (for review see: Knutson et al., 2002). As AMPH doses are raised,
locomotor stimulation is eventually curtailed through the emergence of focal stereotypy (Segal
1975; Joyce and Iversen 1984). However, it is unclear whether the stereotyped behaviour
observed at our highest dose would also have inhibited the emission of 50-kHz calls, particularly
since high doses of AMPH tend to promote sniffing behaviour (Sharp et al. 1987), and 50-kHz

calls are synchronized with exhalation (Sirotin et al. 2014).

D1-like and D2/D3 agonists inhibit AMPH-induced 50-kHz vocalization

In the present study, we confirmed that the D2/D3 agonist quinpirole decreases spontaneously-
emitted 50-kHz vocalizations (Chapter 2: Scardochio and Clarke, 2013). Although we were
unable to confirm a depressant effect of D1-like and D3 agonists (Chapter 2: Scardochio and
Clarke, 2013), this was likely due to a floor effect, as call rates under saline were low. For testing
with DA receptor ligands, we selected a low dose of AMPH from the ascending limb of the dose-
response curve. AMPH-induced calling was inhibited by DAergic antagonists, as previously
reported (Wright et al., 2013; Wohr et al., 2015). An inhibitory effect was also seen with D1-like

and D2/D3 receptor agonists. This finding, together with the earlier failure of DA blockade to
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evoke calling (Wright et al., 2012), supports a role for phasic rather than tonic DA transmission
in 50-kHz call emission. This is because AMPH is reported to increase phasic DA release
(Daberkow et al., 2013; Covey et al., 2013), and the postsynaptic impact of DA would be blunted

by direct-acting DA receptor agonists as well as antagonists.

Acute systemic amphetamine increases the amplitude of phasic DA release

To our knowledge, this is the first report of the effects of low- and intermediate-doses of AMPH
on phasic DA release in the NAcc, in freely moving animals. In Experiment 2, all doses of
AMPH except the lowest increased the size of phasic DA events, without detectably altering
their frequency or duration. AMPH is widely thought to act by depleting vesicular DA stores and
by promoting non-exocytotic DA efflux via reversal of the DA transporter (Sulzer 2011), actions
that would have resulted in longer, but not larger, DA transients. However, AMPH can also
promote vesicular DA release via burst firing of DA neurons, as recently described in
anesthetized animals (Ramsson et al. 2011a; Ramsson et al. 2011b). A recent study in freely-
moving rats provides evidence for multiple mechanisms (Daberkow et al., 2013); specifically,
AMPH (1 and 10 mg/kg) increased the duration and frequency of spontaneous DA transients, but
the higher dose also increased release amplitude in a few animals. These effects were studied
only in the dorsal striatum, but the enhancement of release amplitude would likely be greater in
the NAcc, based on measurements of electrically-evoked phasic DA release in anesthetized
animals (Covey et al., 2013). Taken together, then, the increased amplitude of phasic DA events

that we observed may have been caused by an increase in vesicular DA release.
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Phasic DA release in the nucleus accumbens is neither necessary nor sufficient for AMPH-
induced USVs

Experiment 2 showed that while amphetamine increased both 50-kHz call rates and the
amplitude of spontaneous phasic DA release events, these two effects could be dissociated in two
ways. First, an inverted-U dose-response relation was only seen in relation to 50-kHz call
emission. Second, 50-kHz calls and DA transients rarely coincided. In particular, the great
majority (>95%) of calls occurred in the absence of detectable DA transients, and most DA
transients were not accompanied by calls. It is unlikely that a significant number of DA
transients went undetected, since our FSCV method is associated with a detection limit of
approx. 10 nM (Robinson and Wightman 2007), i.e. considerably below the average peak
amplitude of spontaneous DA events in the NAcc (approx. 50 nM) (Robinson and Wightman,
2007). Taken together, therefore, our findings indicate that phasic DA release, as monitored at
our NAcc recording sites, was not sufficient to increase 50-kHz calls, nor was it necessary.
However, we cannot exclude the possibility that AMPH promotes 50-kHz call emission by
enhancing phasic DA release in a terminal field other than NAcc core. The NAcc comprises two
major subregions (core and shell), and it is important to note that our voltammetric recordings
were mostly restricted to the core subregion (6/10 electrodes) or the core/shell shore (2/10). As a
recording site, the core has one major advantage compared to the NAcc shell: voltammetric
signals in the core are not appreciably contaminated by extracellular NA (Garris et al., 1994).
Whether AMPH differentially affects phasic DA release in core vs. shell appears unknown,
although differences in phasic DA release have been noted between other terminal fields (Covey

etal., 2013).
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Methodological aspect

Rats called significantly less during the dose-response (voltammetry) test block than during the
preceding or subsequent AMPH screens; call subtype profiles, in contrast, appeared unaffected.
Thus, it appears likely that the voltammetric procedure, and tethering in particular, was
responsible for the general inhibition of 50-kHz call rate. However, it seems implausible that

such an effect would obscure a relationship between call emission and phasic DA events.

Conclusion

Tonic agonist-induced activation of D1- or D2-like dopamine receptors inhibited AMPH-induced
50-kHz calling, suggesting that 50-kHz calls are driven by phasic DA release events. However,
most AMPH-induced calls occurred in the absence of DA transients in the NAcc core, indicating
that 50-kHz call emission does not depend critically on phasic DA release in this DA terminal
field. Whether 50-kHz call production depends on phasic DA release events in other brain
regions requires further investigation. Lastly, the novel finding that moderate doses of AMPH
can increase the magnitude of phasic DA events in freely-moving animals may help to shed light

on the drug's myriad behavioural effects.
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CHAPTER 5: General Discussion

Tina Scardochio
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Summary

This thesis examined the role of DA in the production of 50-kHz USVs. Our initial approach was
to use systemic drug injections to selectively activate or inhibit DA receptor subtypes (Chapter
2). Both classes of drugs inhibited 50-kHz calling. From this, we concluded that increased
DAergic transmission is not sufficient to increase 50-kHz calls, whereas DAergic transmission

is necessary for USV production.

To reconcile the shared effects of DA agonists and antagonists on 50-kHz call rate, we proposed
that, more specifically, phasic DA drives 50-kHz call emission. This hypothesis was tested in
Chapter 3, in two ways. First, we confirmed that 50-kHz calls could be induced by electrical
stimulation of the MFB; using FSCV in freely moving animals, we found that these electrically-
evoked calls were time-locked to phasic DA release in the NAcc. Second, optogenetic
stimulation of VTA DAergic neurons was associated with a high 50-kHz call rate, comparable to
that observed following other positive reinforcers; however, call rates decreased quickly over
time, despite prolonged optogenetic stimulation. To explain this discrepancy, we entertained and
then rejected alternative explanations (channelrhodopsin-2 desensitization and habit formation of
lever-pressing) with a follow-up experiment. We also proposed additional explanations including
DA receptor desensitization and glutamatergic contributions. From the findings in Chapter 3, we
concluded that phasic DA release in the NAcc was not sufficient to induce 50-kHz calls.

In the final experimental section (Chapter 4), we again investigated a possible role of phasic DA

release in USV emission, but now focussing on amphetamine-induced 50-kHz calls.
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Amphetamine had been shown to increase 50-kHz calls and also phasic DA release in the NAcc.
Here, we found that tonic activation of DA receptors by DA receptor subtype-selective agonists
decreased AMPH-induced calls. While amphetamine increased the amplitude of DA transients in
the NAcc as well as the 50-kHz call rate, the two were not correlated; notably, most calls
occurred in the absence of detectable phasic DA release in the NAcc, suggesting that phasic DA

IS not necessary for the emission of 50-kHz calls.

Taken together, the results presented in this thesis are consistent with a role of DAergic signaling
in the emission of 50-kHz USVs. However, phasic DA release in the NAcc appears neither
sufficient nor necessary for call emission. The emission of spontaneous and AMPH-induced 50-
kHz calls likely requires the concerted actions of multiple neurotransmitter systems in several

brain regions.

The potential involvement of other brain regions and neurotransmitters in the emission of
50-kHz calls

Pharmacological experiments in Chapters 2 and 4, as well as the electrical stimulation studies in
Chapter 3, support a role for phasic DA release in the emission of 50-kHz calls. In contrast, the
optogenetic stimulation (Chapter 3) and phasic DA recordings (Chapter 4) results suggest that
phasic DA in the NAcc is neither sufficient nor necessary for the production of 50-kHz calls.
However, it remains possible that phasic DA is necessary or sufficient in: 1) other parts of the
NAcc or 2) other brain regions. It is also possible that phasic DA release with 3) release of other

neurotransmitters is required. | will next discuss evidence to support each of these possibilities.
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1) In Chapters 3 and 4, phasic DA release was recorded from the NAcc, a region shown to play a
role in the production of 50-kHz calls (Burgdorf et al. 2001; Thompson et al. 2006; Burgdorf et
al. 2007; Brudzynski et al. 2012). The NAcc is heterogeneous and can be divided based on: the
core and shell anatomical divide (Deutch and Cameron 1992) and shell subregions (Heimer et al.
1997; Shin et al. 2008). These NAcc subregions are distinct in terms of distribution patterns of
neuroactive substances (Zahm 1999), afferent and efferent projections (Meredith et al. 1992;
Wright and Groenewegen 1995) and functional aspects (Heidbreder and Feldon 1998; Ikemoto
2002; Sellings and Clarke 2003; Meredith et al. 2008; Fabbricatore et al. 2009; Fabbricatore et
al. 2010; Reed et al. 2015). Phasic DA release in the NAcc core and shell subregions is
differentially regulated by various stimuli including food reward (Brown et al. 2011) and drug
rewards (Owesson-White et al. 2009) and aversive footshock (Badrinarayan et al. 2012).
Microinjection of amphetamine into the NAcc shell rather than the core, has been shown to
increase 50-kHz call rate (Burgdorf et al., 2001; Thompson et al., 2006; Brudzynski et al., 2012),
whereas in this thesis, the majority of phasic DA recordings were in the NAcc core. It remains
possible that phasic DA release in the NAcc shell or shell subregions is also involved in the
production of 50-kHz calls, either similarly or differently than core phasic DA. Alternatively,
NA release may explain the call rate-enhancing effect of intra-NAcc AMPH previously reported
given that the shell contains more NA than the core (Park et al. 2010; Park et al. 2011) and

AMPH is an indirect DA/NAergic agonist.

2) We cannot exclude the involvement of phasic DA release in other brain regions in the

production of 50-kHz calls. There is a large functional heterogeneity of VTA outputs (Walsh and

Han 2014). Burgdorf et al. (Burgdorf et al. 2008) have reported a potential role for several other
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brain regions in the emission of 50-kHz calls, including the prefrontal cortex and lateral
hypothalamus which both receive projections from the VTA (Swanson 1982). However, in the
latter report, data from several brain regions were pooled, preventing analysis of the relative
contributions for each region. Phasic DA release would also occur in many terminal regions
following electrical stimulation of the MFB (Chapter 3 and 4) or optogenetic stimulation of the

VTA (Chapter 3).

3) The focus of my thesis was the role of dopamine in the emission of 50-kHz calls; however,
several additional neurotransmitters have been shown to play a role in the emission of USVs, as
follows. First, antagonism of glutamatergic NMDA receptors has been reported to decrease
spontaneous, AMPH- and tickling-induced 50-kHz vocalizations (Panksepp and Burgdorf 2000;
Costa et al. 2015). Conversely, intracerebral injections of glutamate induce spontaneous 50-kHz
calls (Fu and Brudzynski 1994; Wintink and Brudzynski 2001). Second, the muscarinic/nicotinic
ACh agonist carbachol increased spontaneous 50-kHz calling after intra-NAcc injections (Fendt
et al. 2006). Third, microinjections of a p-opioid agonist directly into the VTA promoted 50-kHz
calling and also produced a conditioned place preference (Burgdorf et al., 2007). Conversely,
opioid antagonists (selective for u- or k-selective receptors) inhibited spontaneous calling
(Hamed et al. 2015) and calling in anticipation of food (Buck et al. 2014). Fourth, inhibition of
noradrenergic signaling decreased spontaneous and AMPH-induced 50-kHz call rate (Blumberg
et al. 2005; Wright et al. 2012). Fifth, systemic administration of a 5-HT(1A) receptor agonist
increased 50-kHz calls (Sadananda et al. 2012) and 5-HT(2C) antagonists blocked AMPH-
induced 50-kHz calls (Wohr et al. 2015). Lastly, inhibition of endocannabinoid hydrolysis has

been linked to increases in play-associated 50-kHz call emission (Manduca et al. 2014). Of
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interest, all of these neurotransmitters either directly or indirectly affect the mesolimbic DA

system that was investigated in this thesis (see next section).

Interactions between dopamine and other neurotransmitters

All the neurotransmitters that have been shown to modulate 50-kHz emission - acetylcholine,
cannabinoids, glutamate, opioids, noradrenaline and serotonin - can modulate mesolimbic DA
release and transmission (Cheer et al. 2004; Mark et al. 2011; Mitrano et al. 2012; Picciotto et al.
2012; Wenzel and Cheer 2014; Margolis et al. 2014; Chenu et al. 2014; Latagliata et al. 2014;
Eddine et al. 2015). Electrical stimulation of the MFB (Chapter 3) is neurochemically non-
specific; given that many neurotransmitter systems course along its path, DA fibers are not the
only ones activated (Ikemoto 2010). Optogenetic stimulation of VTA DAergic neurons afforded
us a higher degree of selectivity: only DAergic neurons whose cell bodies were found in the
VTA were activated during optical stimulation. Despite this regional selectivity, the population
of neurons intrinsic to the VTA collectively include at least two additional neurochemical
phenotypes aside from DA: GABA and glutamate. It has recently been shown that both GABA
(Tritsch et al. 2012) and glutamate (glut) (Stuber et al. 2010) can be co-released from DAergic
terminals. However, in Chapter 3, we did not record phasic DA release during optogenetic
stimulation; therefore, we cannot exclude the possible involvement of DA-glut or DA-GABA co-
release on 50-kHz call emission or lever-pressing behaviour. Moreover, the separation of the
anterior and posterior VTA is paralleled by behavioural responses to drugs of abuse (Sanchez-
Catalan et al. 2014). However, our viral infections would be expected to affect the entirety of the

VTA, and even portions of the adjoining substantia nigra, based on previous
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immunohistochemistry results from the Shizgal lab; thus potential differences associated with the

antero-posterior gradients would not likely be observed.

Briefly, using real-time recordings in freely moving animals, we investigated the effects of
DAergic signaling on 50-kHz call production. However, given the considerable cellular,
molecular and regional heterogeneity present in the VTA, these tools are not without limitations
(see next section). Future technological advancements should impart additional specificity and

selectivity to better interrogate the underlying circuits involved in the production of USVs.

Tools with which to interrogate the circuits involved in 50-kHz call emission

In this thesis, FSCV and optogenetics were used to investigate a single transmitter pathway;
however, these techniques have a wider applicability. In this next section, I will discuss four
additional applications for FSCV and optogenetics that will potentially address the questions

arising from the results presented in the thesis chapters.

1) In order to study the differential involvement of DAergic signaling in the core vs. shell of the
NAcc in the emission of 50-kHz calls, FSCV and optogenetics could be used in conjunction with
recombinant adeno-associated viral vectors (rAAVs). More specifically, rAAVs can be injected
into either the core or shell of the NAcc and retrogradely traced back to the VTA, resulting in
projection-specific expression of channelrhodopsin-containing DAergic neurons (Masamizu et
al. 2011; Rothermel et al. 2013). This would allow us to specifically investigate the potential

roles of phasic DA in the core vs. shell, in the emission of 50-kHz calls.
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2) We used FSCV to record phasic release of DA; however, FSCV can also be used to measure
other neurotransmitters that are proposed to play a role in the emission of 50-kHz calls. Until
recently, voltammetry techniques such as FSCV could only detect molecules that are intrinsically
electroactive (e.g. DA, NA, 5-HT). However, recent advances, particularly in electrode design,
have helped to overcome this limitation in some cases. For example, the recording electrode can
be modified with an enzyme that is selective for the molecule of interest. Such enzyme-based
sensors have been created for several non-electroactive neurotransmitters, including glutamate
(Oldenziel and Westerink 2005), acetylcholine (Sarter et al. 2009) and its precursor choline
(Parikh et al. 2004). Combining optogenetics with FSCV using these enzyme-based sensors
would help us investigate the potential contributions of glutamate (following co-release with

DA) to our findings in Chapter 3.

3) In Chapter 3, optogenetic tools were used to selectively activate VTA DAergic neurons.
Transgenic rat lines were used in which the Cre recombinase was expressed under the regulatory
control of the promoter for tyrosine hydroxylase, and channelrhodopsin 2 was injected into the
VTA using a viral vector. This technique allowed us to selectively activate an expected 60-70%
of DAergic neurons (Oldenziel and Westerink, 2005; Witten et al. 2011). However, improved
viral transfection methods using magnetoparticles now allow for up to 97% transfection
efficiency (Soto-Sanchez et al. 2015). This technical refinement would likely have produced a
greater increase in phasic DA release in downstream regions which may have affected the
emission of 50-kHz vocalizations. One possibility is that a threshold of phasic DA release must

be achieved in order to produce 50-kHz calls. Activation of a larger number of DAergic neurons
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may compensate for the potential decrease of phasic DA release later in the session (due to for

example, DA depletion, as discussed in Chapter 3).

4) In Chapter 3, we used optogenetic stimulation to excite VTA DAergic neurons. It would be of
interest to see if selective inhibition of those same neurons would inhibit 50-kHz call production.
Neuronal inhibition can be achieved by using inhibitory opsins such as archaerhodopsins (Chow
et al. 2010) or halorhodopsins (Boyden et al. 2005); different wavelengths of light can be used to
selectively activate inhibitory and excitatory opsins transfected in a given brain region (Han and
Boyden 2007). While optical suppression of cocaine-evoked phasic DA release has already been
shown in urethane-anesthetized rats (Oldenziel and Westerink, 2005; McCutcheon et al. 2014), it
would also be of interest to investigate whether inhibition of VTA DAergic neurons is sufficient

to block AMPH-induced phasic DA release and 50-kHz calls.

Analyzing potential complexities in rat ‘language’

In the literature, rat USVs are often broadly divided based on their two main emitted frequencies
and their association with negative and positive affect: 22-kHz and 50-kHz calls, respectively. In
all previous chapters, more than 98% of all calls in all experiments were of the 50-kHz call
subtype, and 22-kHz calls were not analyzed or reported. However, when 22-kHz calls did occur,
they were intermingled with 50-kHz calls (unpublished) suggesting that 50-kHz and 22-kHz calls
are not always dissociable based on affect. Recently, the behavioural correlates of the 50-kHz
call type heterogeneity are starting to be explored. For example, the ‘trill’ call subtype of 50-kHz
calls is predominantly emitted during copulation (Snoeren and Agmo 2014) and play behaviour

(Burgdorf et al., 2008). In addition to the 14 call subtypes so far identified, call parameters such
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as harmonics, frequency modulation and amplitude may perhaps also be used as markers for
other behaviours such as novelty-, reward- and sensation-seeking (Yuki and Okanoya 2014;

Garcia et al. 2015)

In addition to the 50-kHz call type heterogeneity, there is another facet of 50-kHz vocalizations
that has yet to be explored: call sequencing and syntax. ‘Language’ has been extensively studied
in other animal species such as the zebra finch, and has been used to study aspects of autism
(Kleiman et al. 2015), addiction (Lovell et al. 2011) and communication (Matheson et al. 2015),
among other disorders. Thus, it appears likely that we would gain a wealth of knowledge from
improved rat models following the comprehensive analysis of rat vocalization sequences. We
recently began this type of call analysis (unpublished, in collaboration with Dr. Jon Sakata,
Biology department, McGill University) and have so far discovered that: 1) call sequences are
more structured than would be expected by chance, both under baseline (non-drug) conditions
and following acute amphetamine administration, 2) this sequence structure reflects, at least in
part, the tendency to repeat a given call subtype, and 3) amphetamine does not increase such call-
repeats above what is already observed under saline conditions. Currently we are investigating
call transitions, the likelihood of repeating specific call subtypes, the individual contributions of
call subtypes to entropy, the existence of call bouts, the effects of call intervals, and lastly, how

various doses of amphetamine may affect each of these parameters.

Given our current knowledge of USVs, these vocalizations have been incorporated into several

research models including autism (Zhang-James et al. 2014), addiction (Mahler et al. 2013),

Parkinson disease (Grant et al. 2015) and arthritic pain (Calvino et al. 1996). These calls have
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also been proposed as a model to screen drugs for antidepressant and anxiolytic properties (De et
al. 1993; Pereira et al. 2014). Translational studies have even compared spectral and temporal
features of human infant cries during cocaine withdrawal to rat pup USVs following prenatal
exposure to cocaine (Zeskind et al. 2014). However, for translational research of this kind, assay
selectively is critical in order to minimize the occurrence of false positives. In this respect, some
current assays require further development. For example, many drugs that decrease 50-kHz calls
(e.g. DA agonists) could be incorrectly assumed to be viable treatments for anxiety. Similarly,
assuming that all 14 subtypes of 50-kHz calls reflect affect, other potentially important

behavioural distinctions may be overlooked (e.g. wanting vs. liking; Berridge et al. 2009).

Concluding remarks

Adult rat 50-kHz vocalizations are frequently used an index of positive affect. However,
previous work and the results presented here have shown that these calls are not always linked to
situations that would otherwise be associated with positive affect (e.g. self-administration of
reinforcing optical stimulation). Therefore, we must tread lightly when making generalized
statements about their behavioural role or meaning of 50-kHz calls. Our hope is to combine the
neurochemical data (present in this thesis and elsewhere in the literature) with the analysis of
temporal and acoustic structure as well as behavioural outcomes, to eventually decode the
functional significance of rat USVs; the culmination of this work should lead to better rat models
and ultimately, a better understanding of disease states. Once we describe the neurocircuitry
underlying USVs, changes in call structure (acoustic, sequence, temporal, etc.) in animal models
of disease could point to dysfunctions in the neurocircuitry of the pathological states themselves.

Similarly, once we describe the behavioural basis of USVs in more detail, changes in USV call
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rates or parameters in rat models of disease could be relayed back to these known behavioural

phenotypes of 50-kHz calls or call subtypes.
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Fig. S1 Experiments 1, 2, 3 and 4: Dose-dependent (a, c, e and g) and time-dependent (b, d, f
and h) effects of DAergic agonists on 50-kHz call rate. Panels a, c, e and g are box plots showing
median = IQR (interquartile range). The lowest and highest doses in these left-hand panels are
represented as median (£ IQR) calls per 1-min time bin in panels b, d, f and h, respectively. The
highest dose of each agonist, except the D4 agonist, virtually abolished calls even at the earliest
time point (b, d, f and h). Each agonist was tested on a different group of rats (n=12), and each
rat was tested at all doses of a given agonist and with amphetamine 1 mg/kg IP (AMPH).
*p<0.05, **p<0.01 vs. zero dose (Wilcoxon's tests). The same vehicle condition is shown twice

in panels a, ¢, eand g (i.e. 0 and CTL).
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Appendix B: Supplementary Material Chapter for Chapter 3

Table S1: Summary of drugs used for the pharmacological verification of dopaminergic release

Treatment

Drug Dose Route | Time before | Anticipated effect | n
(mg/kg) testing (min) | on DA current (rats)

D1/D2 agonist quinpirole 0,0.3 IP 20 Decrease 1

NET blocker + a2- DMI + 0,15+ 20 No change 1

adrenoreceptor yohimbine 0,6

antagonist

a2-adrenoreceptor yohimbine 0,6 20 No change (or 1

antagonist small increase)

DAT blocker GBR12909 0,15 30 Increase 3

D2/D3 antagonist raclopride 0,2 30 Increase 2

Indirect DA/NA amphetamine | 0, 1.6 -- Increase 3

agonist

Table S2 Completed drug tests for each rat, used for the pharmacological validation of in vivo
dopamine signals

Rat | SAL | DMSO | AMPH | GBR | QUIN | RAC | DMI/YO | YO
ID

8 v v v v v v v
10 | v v v v v v

11 | v v v v

SAL (saline), DMSO (dimethyl sulfoxide), AMPH (amphetamine), GBR (GBR12909), QUIN
(quinpirole), DMI (desipramine), YO (yohimbine), RAC (raclopride)

Table S3 Optimized stimulation parameters identified for each rat following optical self-
stimulation training

Frequency
Rat ID # Pulses | Period (ms)
BeChR20 57 17.86
BeChR25 51 19.90
BeChR28 28 35.70
BeChR29 34 29.41
BeChR30 59 16.95
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Table S4 Summary of MFB stimulation parameters tested for each rat with DA transient and USV emission results

Stimulation parameters
30Hz 60Hz

40pA 60UA 80pA 100pA | 120pA 40pA 60pA 80pA 100pA | 120pA | 140pA
Rat | DA | USV | DA | USV | DA | USV DA | USV | DA | USV | DA | USV | DA | USV | DA | USV | DA | UsV
8
10
11
* 50- and 22-kHz calls
Note: each cell represents one stimulation trial
7’ Not DA and USVs DA and USVs - Only DA present

tested absent present

Table S5 Lever press data, broken down by rat and schedule. The number of lever presses is shown for the entire 2-hour session and
for the first 30 minutes. REIN= reinforced and UNREIN= unreinforced lever press.

Rat Fl1 Fl12 VIl VI2
120 min 30 min ! 120 min 30 min ! 120 min 30 min ! 120 min 30 min
UNREIN | REIN | UNREIN | REIN UNREIN | REIN | UNREIN | REIN | UNREIN | REIN | UNREIN | REIN UNREIN | REIN | UNREIN | REIN
20 11033 308 182 70 1 965 328 177 76 11253 279 296 72 1 807 283 197 75
25 1440 291 114 65 1 488 312 107 72 1503 197 139 83 1 233 203 71 54
29 12018 331 423 78 1 2362 340 395 80 11367 263 242 64 2033 515 219 107
30 | 747 328 104 79 1 1133 333 171 75 i 1598 280 287 68 1 1518 300 236 71
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Table S6 Call percentages (14 subtypes and 2 categories) before and after optogenetic

stimulation of the VTA, under four reinforcement schedules

SCHEDULE | TIMING |RAT | T |F |FT|CX|MS|C|UR|DR|SU|SD|TJ|SP|S |[IU| M |UN
Fl Before 20 43 117 | 7 15 | 4 0|0 4 2 0 4 0 2 (2 |0 |0
After 411232 14 |0 0|0 7 0 0 7 0 0|2 |0 |4
FT Before 20 (34|10 |8 2 0|0 0 10 | 3 5 0O (4 |1 |0 |3
After 203519 6 5 0|1 4 6 2 4 1 2 2 |1 |2
VI Before 24 1 28 | 5 12 | 6 0|0 7 3 1 5 1 512 |0 |1
After 35|28 |7 1 |9 0|0 2 0 0 1 0 5 (0 |0 |2
VT Before 19 (4012 | 6 3 110 3 4 2 4 0 2 |3 |0 |1
After 26 | 47 | 3 3 2 0|0 3 3 2 5 2 2 |0 |0 |2
Fl Before 25 43112120 |3 5 410 0 5 2 2 0 2 (1 |0 |1
After 47 112|120 | 2 4 3 (1 0 5 2 1 0 2 |0 |0 |1
FT Before 5517 |19 |3 2 2 |1 0 4 1 3 0 111 |0 |1
After 5217 |21 |3 2 3|0 0 5 1 3 0 111 |0 |1
VI Before 56 |4 |15 |7 3 2|0 0 3 3 3 0 2 (1 |0 |1
After 47 111|118 |5 5 0|0 0 4 4 3 0 2 (1 |0 |0
VT Before 4917 |14 |2 2 6 |1 0 2 2 13 |0 1|1 |0 |0
After 5317 |13 |2 1 6 |1 1 2 0 14 |0 0 [0 |0 |O
FI Before 29 20 | 44 | 8 4 8 0|0 4 4 0 0 0 (4 |4 |0 |O
After 23118 |5 18 |0 0|0 0 9 9 0 5 8 |5 |0 |0
FT Before 5819 |8 10 |1 110 1 5 1 0 0 312 |0 |1
After 49 | 8 11 |7 1 010 1 7 1 0 0 7 6 0 2
VI Before 47 110 | 7 7 0 3|0 3 10 | O 0 0 103 |0 |O
After 4416 |0 25 |0 0|0 0 6 0 0 0 19|/0 |0 |O
VT Before 44116 |10 | 8 1 111 0 8 2 4 0 312 |0 |0
After 42 120|110 |9 2 110 0 5 3 3 0 (4 |0 |0 |1
Fl Before 30 66 |8 |6 2 0 111 1 1 0 3 0 7 |0 0 |4
After 7115 4 2 1 110 1 1 2 1 0 9 0 0 2
FT Before 801 |10 |1 1 2|0 0 1 0 3 0 1 /0 |0 |O
After 7712 |12 |1 0 210 0 2 0 3 0 1 /0 |0 |O
VI Before 7812 |7 1 0 0|0 0 2 1 5 0 3 /0 |0 |1
After 7712 |8 2 0 110 0 2 1 5 0 1 /0 |0 |1
VT Before 7313 |11 |2 1 110 0 2 0 5 0 1 /0 |0 |1
After 7012 |12 |2 2 110 0 3 0 7 0 1 /0 |0 |O
R

T: trill; F: flat; FT: flat-trill; CX: complex; MS: multistep; C: complex; UR: up-ramp; D
ramp; SU: step-up; SD: step-down; TJ: trill-jump; SP: split; S: short; 1U: inverted-U; M:

miscellaneous; UN: unclassifiable (as described in Wright et al. 2010)

: down-
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Fig. S1 Call profile following electrical stimulation of the MFB (n=3 rats). Each sector

represents the group mean number of calls in a given subtype, expressed as a percentage.
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Fig. S2 Pharmacological validation of dopaminergic release from voltammetric recordings in the

nucleus accumbens. Panel a shows a significant increase in peak DA current following an acute

administration of the indirect DA/NA agonist amphetamine (AMPH) (paired t-test, p<0.05) and

the D2 antagonist raclopride (RAC) (paired t-test, p<0.05). Panel b show a significant increase in
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peak DA current following an acute injection of the DAT blocker GBR12909 (GBR) (paired t-

test, p<0.02). Vehicle conditions: SAL (saline), DMSO (dimethyl sulfoxide).
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o rat 10 electrode 1
o rat 8 electrodes 1 & 2
® rat 11 electrodes 1 &2

Fig. S3 Location of voltammetric microsensors (n=4, two microsensors per rat). Each point
represents the approximate center of a microsensor. Coordinates are in millimeters anterior to

bregma and the coronal drawings are from the Paxinos and Watson (2006) atlas.
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Fig. S4 Proportions of 50-kHz call subtypes for each rat and for each reinforcement schedule,
before and after optogenetic stimulation of VTA DAergic neurons. Panels a, b and ¢ show the
proportions of trill, flat and flat-trill call subtypes, i.e. the three most common calls observed.
Panel d is the total proportion of other calls pooled together (13 subtypes). FI: fixed interval, FT:

fixed time, VI: variable interval, VT: variable time
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Fig. S5 Cumulative lever presses during optogenetic self-stimulation of VTA DAergic neurons.

Rats (n=4) were trained to hold down a lever for 2 s (which could be accumulated across
different hold-downs) to obtain a 1 s train of 5 ms light pulses into the VTA (28-56 Hz). A 2 s

blackout period (lever retraction) followed each reward. The laser for optogenetic stimulation

was turned on during the first 6 sessions (time 10-60), was turned off for the two next sessions

(minutes 60-80) and subsequently turned back on. Rats only pressed when stimulation was

available.
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Appendix C: Supplementary Material for Chapter 4
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Fig. S1 Phasic DA release in the NAcc occurs immediately following electrical stimulation of
the MFB (60 Hz, 24 pulses, biphasic, 2ms/phase, 100pA). Panel a shows mean peak DA currents
across various stimulation parameters. Panel b is a color plot from a representative rat, showing
changes in dopamine current (color) in relation to applied potential (y-axis) and time (x axis),
with onset of MFB stimulation occurring at 5s. The unfiltered data were subjected to a single

two-dimensional smooth (a 5 point running average in both X and Y dimensions). Panel ¢ shows
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the background-subtracted cyclic voltammogram from the same rat at the time of the peak DA
current seen in panel b, with the peak current occurring at the expected oxidation potential of

dopamine, i.e. approximately 0.65V (vs. Ag/AgCl reference).

184



()

1001
—a—rat 8 electrode 1

——rat 8 electrode 2

—»—rat 10 electrode 1
—e—rat 11 electrode 1
—e—rat 11 electrode 2

-
o
1

Il

Peak DA current (nA)

e
=

SAL AMPH RAC
Drug treatment

o

Peak DA current (nA)

-

(=

o
]

-
o
1

a
N

o
2

/

—

DMSO
Drug treatment

T
GBR

(¢}

Peak DA current (NA)

unexpected sucrose

A4
= rat 1 electrode 1
. A rat4 electrode 1
V rat4 electrode 2
© ¢ rat5 electrode 2
—

Fig. S2 Validation of voltammetric signals in the nucleus accumbens, using pharmacological treatments and a behaviourally salient

stimulus (unexpected sucrose pellet). Each line represents one electrode in panels a and b. Panel a shows a significant increase in peak

DA current following an acute administration of the indirect DA/NA agonist amphetamine (AMPH) (paired t-test, p<0.05) and the D2

antagonist raclopride (RAC) (paired t-test, p<0.05). Panel b shows a significant increase in peak DA current following an acute

injection of the DAT blocker GBR12909 (GBR) (paired t-test, p<0.02). Panel ¢ shows the measured DA current for each electrode

following unexpected sucrose delivery. Vehicle conditions: SAL (saline), DMSO (dimethyl sulfoxide). Panel ¢ shows the peak current

of the DA transient following unexpected sucrose delivery.
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Fig. S3 Location of voltammetric electrodes (n=10 electrodes). Each point represents the
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approximate center of a microsensor. Coordinates are in millimeters anterior to bregma and the

coronal drawings are taken from the Paxinos and Watson (2006) rat brain atlas.

Table S1 Completed drug tests for each rat, used for the pharmacological validation of
electrical-induced in vivo dopamine signals

Rat | SAL | DMSO | AMPH | GBR | QUIN | RAC | DMI/YO | YO
ID

8 v v v v v 4 v
10 4 v v v 4 v

11 4 v v v

SAL (saline), DMSO (), AMPH (amphetamine), GBR (GBR12909), QUIN (quinpirole), DMI

(desipramine), YO (yohimbine), RAC (raclopride)
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Table S2 Summary of drugs used for the pharmacological verification of dopaminergic

release

Treatment

Drug Dose Route | Time before | Anticipated effect on
(mg/kg) testing (min) | DA current

D1/D2 agonist quinpirole 0,03 IP 20 Decrease

NET blocker + DMI + 0,15+ 20 No change

a2-adrenoreceptor | yohimbine 0,6

antagonist

a2-adrenoreceptor | yohimbine 0,6 20 No change (or small

antagonist increase)

DAT blocker GBR12909 0,15 30 Increase

D2/D3 antagonist | raclopride 0, 30 Increase

Indirect DA/NA amphetamine 0,16 (immediately) | Increase

agonist

Table S3 Completed verifications for the characterization of in vivo dopamine signals

Rat ID | Stimulated | Unexpected | Pharmacological | Histology/lesion
release sucrose validation
1 v v
4 v v
5 v v
8 v v v
10 v v v
11 v v v
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