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O to chodzi jedynie,

By naprzéd weigz is¢ smiafto,
Bo zawsze sie dochodzi
Gdzie indziej, niz sie chciafto.

The only point is

To go ahead boldly

Because anyway you will always end up
In a different place than you wanted
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Abstract

The anatomical structure of the mesolimbic dopamine system has received considerable
attention in the past and is therefore well known. It is largely unclear, however, to what degree
activity in the system can be imaged with blood-flow based imaging modalities like fMRI and
SPECT. Here we investigated how different types of VTA stimulation, differing in specificity for
dopaminergic cells, cause functional network activity throughout the brain.

To investigate the impact of non-selective stimulation of VTA neurons on BOLD response, we
performed electrical VTA stimulation in rats during fMRI. We observed broad activations in
reward-related areas, such as the PFC/ACC, VTA and NAcc. Surprisingly, the application of a
D15 receptor blocker did not suppress these signals, indicating that they might not be caused
by dopamine release.

To further examine the involvement of dopamine in mesolimbic neurovascular signals, we
used two variants of optogenetic VTA stimulation, differing in dopamine specificity. In a less-
specific stimulation condition we transduced neurons in in wild type (WT) rats with an opsin
under the CaMKIlla promoter. In a dopamine-specific condition, Th-Cre rats were transduced
with floxed opsin, resulting in selective opsin expression in dopaminergic cells. All animals
underwent optogenetic intracranial self-stimulation (ICSS) training and the acquisition of
conditioned behavior was similar between the groups.

Following training, we performed optogenetic stimulation during fMRI measurements in both
groups. Less-specific optogenetic stimulation in the fMRI resulted in activation in many cortical
and subcortical areas, whereas the effects of specific stimulation were much weaker. Again, a
D15 receptor blocker applied during less-specific stimulation did not suppress the BOLD
signal.

To exclude the effect of sedation during fMRI on neurovascular responses, the same animals
were used in an awake SPECT study. SPECT data mostly supported fMRI results, revealing
higher rCBF in NAcc and VTA in less-specific group, but not in the specific group.

In summary, our findings demonstrate that the effect of dopamine release on neurovascular
signals is weak. It cannot explain canonical BOLD signals as they are commonly observed in
human participants during rewarding experiences. Rather, the magnitude of the found
dopamine-related signals might be better explained by a direct vascular effect of dopamine.
Canonical BOLD signals might instead be elicited by glutamatergic activity which is correlated

to mesolimbic dopamine release.



Zusammenfassung

Die anatomischen Strukturen des mesolimbischen Dopaminsystems, wie die VTA, wurden
bereits ausgiebig erforscht. Trotzdem ist wenig dariber bekannt, in welchem Umfang
neuronale Aktivitdt in diesem Areal mittels bildgebenden Verfahren der neurovaskularen
Kopplung, wie zum Beispiel fMRT und SPECT, visualisiert werden kann. Deshalb méchten wir
untersuchen, ob unterschiedliche Varianten der VTA-Stimulation funktionelle
Netzwerkaktivitdten im Gehirn auslésen. Die verwendeten Stimulationen unterscheiden sich
dabei in lhrer Zellspezifitat flir Dopamin.

Um den Einfluss nicht-selektiver Stimulation auf VTA Neurone mittels BOLD-Kontrast zu
untersuchen, nutzten wir elektrische VTA-Stimulation wahrend fMRT Bildgebung. Dabei
beobachteten wir eine weitrdumige Aktivierung in Belohnungsarealen wie PFC/ACC, VTA und
NAcc. Uberraschenderweise hat die Gabe eines D15 Rezeptorblockers diese Signale nicht
inhibiert. Daraus schlussfolgern wir, dass diese Aktivierung nicht durch Dopaminausschittung
ausgeldst wurde.

Um den spezifischen Einfluss Dopamins auf mesolimbische neurovaskulare Signale genauer
zu erforschen, nutzten wir zwei unterschiedliche Varianten der optogenetischen VTA-
Stimulation. Diese unterscheiden sich durch ihre Dopamin-Spezifitdt. In der weniger
spezifischen Variante transduzierten wir Neurone in Wildtyp-Ratten mit einem Opsin (CaMKlla
Promotor). In der Dopamin-spezifischen Variante wurden Th-Cre Ratten mit gefloxten Opsinen
transduziert. Dadurch konnte eine selektive Opsin-Expression in den Dopaminzellen erreicht
werden. Alle Tiere wurden einem intrakraniellen Selbststimulationstraining (ICSS) unterzogen.
Beide Gruppen zeigten vergleichbares Lernen des konditionierten Verhaltens. Nach dem
Training wurde die optogenetische Stimulation wahrend der fMRT Messungen in beiden
Gruppen durchgefiuhrt. Dabei zeigte die wenig spezifischere optogenetische Stimulation
wahrend des fMRT eine Aktivierung in vielen kortikalen und subkortikalen Arealen. Die Effekte
der spezifischen Stimulationen waren hingegen wesentlich schwacher. Die Gabe eines D15
Rezeptorblockers wahrend der weniger spezifischen Stimulation inhibierte den BOLD-
Kontrast nicht.

Wahrend einer wachen SPECT-Messung wurde untersucht, ob die Sedierung wahrend des
fMRT einen Effekt auf die neurovaskulare Antwort hatte. Die SPECT Daten bestatigen die
Erkenntnisse aus dem fMRT. Der regionale zerebrale Blutfluss (rCBF) war héher im NAcc und
der VTA in der weniger spezifischen stimulierten Gruppe, jedoch nicht in der spezifischen
Gruppe.

Zusammenfassend zeigen unsere Daten, dass der Effekt von Dopamin auf die neurovaskulare
Antwort nur gering ist. Allgemein anerkannte BOLD-Kontraste, die bei menschlichen

Probanden wahrend einer Belohnungserfahrung auftreten, kénnen damit nicht erklart werden.



Vielmehr kénnte ein direkter vaskularer Effekt den Umfang der Dopamin-abhangigen Signale
erklaren. Die gemessenen BOLD Kontraste kdénnten stattdessen durch eine glutamaterge

Aktivitat, welche mit mesolimbischer Dopaminfreisetzung korreliert, hervorgerufen werden.



1. Introduction

1.1 VTA and dopamine

1.1.1 Anatomy, cell types and connections

The ventral tegmental area (VTA) is a dopaminergic nucleus in the midbrain. In rodents it is
more easily distinguishable from substantia nigra (SN) than in primates, where sometimes
these two regions are treated as one (VTA/SN; Dizel et al., 2009). The VTA is divided into
different subregions. According to Aransay et al. (2015), one can distinguish up to eight nuclei
included into VTA: parabrachial pigmented, paranigral, parainterfascicular, rostral ventral
tegmental area, ventral tegmental tail (VTT), interfascicular, rostral linear, caudal linear. From
the research on rodents it is known that there are three major types of cells in the VTA:
dopaminergic (>60%), GABAergic (ca. 35%) and glutamatergic (ca. 2-3%) (Nair-Roberts et
al., 2008). This distinction though is not very precise, since it is known that some of the cells
can release both glutamate and dopamine (DA) or GABA and dopamine (Barker et al., 2016;
Stuber et al., 2010; Tritsch et al., 2014) or even glutamate and GABA (Ntamati and Lischer,
2016; Yoo et al., 2016). Projections from the VTA-DA neurons target many anterior cortical
areas, nucleus accumbens, amygdala and dorsal striatum (Beier et al., 2015). Dopamine
projections to nucleus accumbens and prefrontal cortex are called mesolimbic and
mesocortical pathways, respectively. Many brain structures send their projections into the VTA
DA neurons, including dorsal raphe, dorsal striatum, anterior cortex, lateral habenula, nucleus
accumbens, ventral pallidum, zona incerta, laterodorsal tegmental nucleus etc. (Beier et al.,
2015; Steidl et al., 2016).



Figure 1. Main dopaminergic projections from the VTA (Amy- amygdala, NAcc- nucleus accumbens, DS- dorsal

striatum, PFC- prefrontal cortex).

Dopamine is the main neurotransmitter associated with the VTA and its functions are
comparatively well known. A number of recent publications focused, however, also on
GABAergic and glutamatergic VTA cells. Glutamatergic cells, expressing vesicular glutamate
transporter 2, establish local synapses (Dobi et al., 2010) or project to the nucleus accumbens,
lateral habenula, ventral pallidum, and amygdala (Hnasko et al., 2012).They receive inputs
from the lateral hypothalamus, raphe, ventral pallidum and cortex (Faget et al., 2016). It has
been observed that glutamatergic neurons projecting to NAcc drive aversion (Qi et al., 2016),
although according to another report, activity of glutamatergic cells has an appetitive value
(Yoo et al., 2016).

Local GABA interneurons inhibit the firing of DA VTA cells, which leads to aversive behavior
(Tan et al., 2012) and disrupts reward consumption (van Zessen et al., 2012). Main inputs to
GABA-VTA cells are coming from medium-size spiny neurons of NAcc (Xia et al., 2011) and
are inhibitory. The GABA projection neurons target NAcc, dorsal striatum (van Zessen et al.,
2012), lateral and magnocellular preoptic nuclei, ventral pallidum, lateral hypothalamus,
central amygdala, mediodorsal thalamus, lateral habenula, dorsal raphe, deep mesencephalic
nuclei and prefrontal cortex (Taylor et al., 2014). Projections to NAcc do not seem to have an
effect on neither aversion nor consummatory behavior, but enhance associative learning
(Creed et al., 2014).

VTA cells co-releasing glutamate and GABA send their projections to dentate gyrus (Ntamati

and Lischer, 2016), ventral pallidum and lateral habenula (Yoo et al., 2016).



1.1.2 Dopaminergic receptors

There are two main families of dopaminergic receptors: The Dy and D2. D1 and Ds receptor
subtypes belong to the D+ receptor family and the D», D3 and D4 subtypes are part of the D>
receptor family. All of them are G-protein coupled (Beaulieu and Gainetdinov, 2011). Activation
of D1 receptors results in increase of intracellular cAMP, whereas the activation of the D>
receptors has an opposite effect (decrease of cCAMP by adenylyl cyclase blockade), although
some other cAMP-independent mechanism may also occur. The D1 receptors are located at
the postsynaptic side and D receptors may be found on both pre- and postsynapse. Activation
of presynaptic D, receptors (autoreceptors) inhibits the dopamine release from the cells. The
recruitment of either of both dopamine receptor families during tonic and phasic dopamine
release is still disputed (Dreyer et al., 2010; Trantham-Davidson, 2004 ), and probably depends

on the investigated region (Dreyer, Haunsgaard, 2013) and on the techniques used.

1.1.3 Reward prediction error theory

The VTA and its connections are an important part of the reward system in the brain and play
a significant role in cognitive functions like learning, motivation and addiction. A behavior which
precedes the release of the DA from the VTA is more likely to be repeated. This effect can be
observed in the case of intracranial self-stimulation in animals or drug abuse in humans.
Furthermore, DA plays a major role in creating the neuronal connection between cue and
reward. According to the theory of reward prediction error, DA neurons change their firing rate
bidirectionally if a reward is larger or smaller than expected (Schulz et al., 1997). It was shown
that optogenetic phasic activation (20Hz) of the VTA DA neurons can be treated as positive
prediction error, because it facilitates cue-reward learning and attenuates the extinction of
previously learned association (Steinberg et al, 2013). On the other hand, the short

optogenetic inhibition of these neurons reflects negative prediction error (Chang et al., 2015).

1.1.4 Electrophysiological properties

There is some confusion in the literature concerning the electrophysiological properties of the
VTA dopaminergic neurons. First studies, which also characterized the electrophysiological
profile of DA cells, were done mostly on nigrostriatal neurons (Grace and Bunney, 1983) and
results from these experiments were widely used to identify VTA-DA neurons (e.g. Floresco
et. al, 2001). However, the established identification criteria were very questionable and

needed to be updated (Ungless et al., 2004; Ungless and Grace, 2012). Nonetheless, it is



generally assumed that VTA DA neurons have three modes of activity: 1) tonic, less than 10
Hz (Floresco et al., 2001; Floresco et al., 2003; Roeper, 2013; Ungless and Grace, 2012),
2) phasic bursting, signalizing the occurrence of salient, mostly rewarding event (Mirenowicz
and Schultz, 1996) and 3) depression of activity, connected to omission of reward (Schulz et
al., 1993) or to aversive stimuli (Mirenowicz and Schultz, 1996; Ungless et al., 2004).

It was shown that phasic, but not tonic, optogenetic stimulation of the VTA can cause place
preference in studied animals (Tsai et al., 2009). Moreover, phasic stimulation is important for
the acquisition of ICSS (intracranial self-stimulation) behavior (llango et al., 2014a; Beier et
al., 2015).

1.1.5 Intracranial self-stimulation (ICSS)

First observed by Olds and Milner (Olds and Milner,1954), intracranial self-stimulation (ICSS)
is a direct stimulation of brain areas, connected to the reward network, by the stimulated
animal itself. ICSS leads to brain stimulation reward (BSR; Carlezon and Chartoff, 2007) and
works as an operant reinforcer. The reinforced behavior has a form of e.g. nose poking, lever
pressing or turning a wheel (Schulteis, 2010). Rewarding effect is achieved by means of
chemical (sometimes also called self-administration; Schulteis, 2010), electrical, and
optogenetic stimulation. There are several regions, which can be targets for ICSS, e.g. NAcc,
substantia nigra, median forebrain bundle, PFC and VTA (Hsu et al., 2014; llango et al., 2014a
and 2014b; Schenk et al., 1985; Wise, 1996). Optogenetic studies performed in the past few
years identified several pathways and neurotransmitters engaged in ICSS (Britt et al., 2012;
Gigante et al., 2016; llango et al., 2014a; Liu et al., 2014; Prado et al., 2016; Rossi et al.,
2013; Steinberg et al., 2014; Witten et al., 2011). Optogenetic stimulation of glutamatergic
inputs into NAcc (Britt et al., 2012; Prado et al., 2016) and dopaminergic cells from VTA (llango
et al., 2014a and 2014b; Witten et al., 2011) and SNc (llango et al., 2014b; Rossi et al., 2013)
leads to acquisition of self-stimulation behavior. Blockade of dopaminergic input to the NAcc
attenuates the operant behavior (Beier et al., 2015; Steinberg et al., 2014). Moreover,
glutamate co-release from DA cells does not appear to significantly influence the acquisition
of ICSS (Wang et al.,, 2017). Therefore, the acquisition of ICSS behavior, through the
stimulation of dopaminergic cells in the VTA, can be treated as an indirect evidence of

dopamine release from the VTA.



1.2 Optogenetics

1.2.1 Optogenetics to study the role of dopaminergic network

Many studies on the role of the DA are based on the effects of electrical stimulation or
pharmacological modulations. Those methods have some clear limitations. Electrical
stimulation reaches not only the dopaminergic cells, but all the cells in a stimulated region (in
case of VTA also GABA- and glutamatergic neurons). Moreover, it stimulates passing axons
and differentially affects all of these components depending on their size and geometry in
relation to the electrodes (Ranck, 1975). Pharmacological manipulation is a more precise tool
since it is able to block or mimic the effects of the transmitter release. However, the temporal
resolution of such a manipulation (minutes, hours) does not allow observing short-term effects
of reward-related phasic dopaminergic activity. In addition, unless injected locally, it acts in all
cells which carry a certain receptor and therefore often lacks regional specificity.

Optogenetics can overcome some of these limitations. With millisecond precision, light drives
excitation or inhibition of neuronal cells through light gated channels, so-called opsins. Use of
transgenic animals allows for precise targeting of subset of neuronal cells in a particular
structure, such as dopaminergic VTA neurons. All these features mark out optogenetics as a

technique of high spatial and temporal resolution.

1.2.2 Animal models used in optogenetic studies

In the current study, we used two animal models of different dopamine specificity to compare
the effects of stimulation of different subpopulations of VTA cells. Two rat models were used
to either target 1) dopaminergic cells, 2) a mixed population of VTA neurons.

We achieved specific targeting of dopaminergic VTA neurons by using Th-Cre rats. Cre
recombinase is an enzyme which recognizes two specific sites on DNA (loxP sites) and
catalyzes recombination of these two sites. Depending on the orientation of loxP sites, the
DNA between them (called “floxed DNA”) can be either cut out or inverted (Nagy, 2000). In
Th-Cre animals, Cre recombinase is expressed in the cells in which transcription of tyrosine
hydroxylase (Th) takes place (Witten et al., 2011). Th is an important enzyme in the metabolic
pathway of dopamine synthesis and anti-Th immunohistochemistry is usually used to detect
dopaminergic cells. To induce expression of an opsin in Th cells, the DNA construct encoding
promoter, opsin, marker, loxP sites and other supporting sequences is encapsulated in the
viral vector and injected in close proximity of dopaminergic cells. AAV and lentiviral vectors
are mostly used for this purpose. The AAV vector stays outside of the chromosomes or builds

into the specific place in the genome. On the other hand, the lentiviral vector integrates into



the genome randomly, unless it is integrase deficient (Parr-Brownlie et al., 2015). Only in the
cells with Cre recombinase, floxed DNA is inverted, functional opsins can be produced and
transported to the cell membrane. Cre expression in Th-Cre mice is not, however, limited to
DA cells, which does not seem to be an issue concerning Th-Cre rats (Pinto and Lammel,
2017). Therefore, good validations of existing models are important to draw accurate

conclusions from optogenetic studies.

lox2722

d4A°

Figure 2. Expression of the functional opsin construct depends on the presence of Cre recombinase in the cell. Cre

recombinase recognises loxP sites and inverts the DNA between them.

To target a mixed population of VTA neurons (less-specific), we used wild-type (WT)
littermates of Th-Cre rats and injected the viral construct with CaMKIlla promoter. An opsin
under the CaMKIla promoter, used in the less-specific paradigm, is expressed in dopaminergic
cells, but also glutamatergic cells (Liu and Jones, 1996; Sik at al., 1998) and potentially even
in inhibitory neurons (Cook-Snyder et al., 2015; Jennings et al., 2013; Johansen et al., 2010;
Nieh et al., 2015).

The use of dopamine-specific and less-specific models in the current study allows for the
evaluation of the neurovascular responses caused by the activation of different neuronal

groups in the VTA.
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1.3 Functional neuroimaging

1.3.1 Neurovascular coupling

Neurovascular coupling is a relationship between the regional neuronal activity and vascular
changes in the brain (Huneau et al., 2015; Pasley and Freeman, 2008). Local neuronal activity
leads to higher energy consumption (neurometabolic coupling). Energy in living organisms is
stored in form of ATP, produced mainly during glucose- and oxygen-dependent aerobic
respiration. The need of increased glucose- and oxygen-transport towards active brain areas
leads to increase of regional cerebral blood flow (Pasley and Freeman, 2008).

There are several imaging techniques based on measuring the cerebral blood flow (CBF),
therefore it is crucial to understand the mechanism of neurovascular coupling to correctly
interpret the neuroimaging data. The CBF-sensitive techniques include laser Doppler and
laser Speckle flowmetry (in animal models), functional magnetic resonance imaging (fMRI),
near infrared spectroscopy (NIRS), positron emission tomography (PET), and single-photon
emission computed tomography (SPECT; Huneau et al., 2015; Kolodziej, et al., 2014).

The most comprehensive research on neurovascular coupling was performed with fMRI
BOLD.

1.3.2 The BOLD signal and neurovascular coupling

One source of the signal in the fMRI (functional magnetic resonance imaging) is the BOLD
(blood oxygenation level dependent) contrast. Brain activation causes a rise in the
concentration of CBF and oxy-hemoglobin (HbO) in activated areas. Oxygen delivery is higher
than oxygen consumption and due to the diamagnetism of HbO, the MRI-signal is affected
(Ogawa et al., 1991).

How exactly different types of neuronal activity and BOLD signal are related, is still partially
unclear (Attwell & ladecola, 2002; Ekstrom, 2010; Lippert et al., 2010; Nir et al., 2008;
O’Herron et al, 2016). Neuronal activity can be defined as: 1) local field potentials (LFPs),
reflecting the synaptic/dendrosomatic/input processes and 2) spikes (action potentials),
connected to axonal/output signaling (Pasley and Freeman, 2008). Naturally, these two types
of activity are often highly correlated. That leads to the situation when both of them can be a
good predictor of BOLD (Smith et al., 2002). However, under some circumstances, the
dissociation between spikes and LFPs may occur. According to many studies, in which
neuronal responses connected to sensory input were measured, BOLD response reflects

better LFPs than action potentials (Lippert et al., 2010, Logothetis et al., 2001; Pasley and
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Freeman, 2008). In addition, an optogenetic study (lordanova et al., 2015), in which not only
sensory input but also direct optogenetic stimulation of cells was used, supported this findings,
although it is furthermore possible that these both stimulation modalities drive a BOLD
response based on different types of neuronal activity (Scott and Murphy, 2012). Nonetheless,
more detailed investigation revealed partial decoupling between neuronal activity (both
synaptic transmission and action potentials) and hemodynamic reaction (O’Herron et al,
2016).

Some optogenetic studies did not support the simple conclusion of the match between LFPs
and BOLD (Ji et al., 2012; Kahn et al., 2013; Lee at al., 2010). Kahn and colleagues (2013),
who instead of sensory input used direct optogenetic stimulation of cells, showed a stronger
correlation between action potentials and BOLD response than between LFPs and BOLD.
Another study demonstrated that depending on the length of the stimulus either LFPs or spikes
can be better predictors of BOLD signal changes (Ji et al., 2012). Moreover, it was shown that
BOLD response is not an exact reflection of neuronal activity but even exceeds it, although
the extent of BOLD response is proportional to the number of activated neurons (Christie et
al., 2017).

It is important to remember that the activity of inhibitory neurons may lead to higher energy
consumption (Buzsaki et al., 2007) and either decrease or increase of the BOLD signal
(Angenstein et al., 2009; Lee et al., 2010; Logothetis, 2008), which also demonstrates the very
complex relationship between BOLD and neuronal activity. Neurovascular and neurometabolic
coupling depend, among others, on the age of subjects (Kozberg et al., 2016) and on the
presence or absence of brain pathologies, such as Alzheimer disease or stroke (ladecola,
2004). The BOLD signal can be also influenced by various anesthetics used during the fMRI
measurement (Krautwald and Angenstein, 2011), the concentration of respiratory gases in the
blood under different physiological condition (Cohen, Ugurbil, Kim, 2002) and adaptation
mechanisms (Sander et al., 2016). Moreover, different distribution of various neurotransmitter
receptors in different species can lead to varied results from fMRI experiments, making it very
hard to compare the results between species, although such attempts have been undertaken
(Mandeville et al., 2013).

1.3.2.1 Effects of dopamine release on BOLD signal

Taking all problems mentioned before into consideration, it is rather difficult to assess the effect
of a single neurotransmitter like dopamine on BOLD response. There were, however, several
attempts to investigate this issue. For this purpose, in numerous studies dopamine agonists,

antagonists (Shih, 2009), addictive drugs like amphetamine and cocaine (Chen et al, 1997;
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Febo et al.,, 2004; Marota et al., 2000), dopamine sensors (Lee et al., 2014), electrical
(Arsenault et al., 2014; Helbing et al., 2016; Settell et al., 2017), chemogenetic (Roelofs et al.,
2017) and optogenetic (Decot et al., 2016; Ferenczi et al., 2016; Helbing et al., 2016; Lohani
et al.,, 2016) stimulation, special reward-related cognitive tasks (Alves, 2009; D’Ardenne,
2008) and fMRI combined with PET (Ghahremani et al., 2012; Schott et al., 2008; Urban et
al., 2011) were used. In the majority of studies, correlation between DA release and BOLD
signal was reported. In their review from 2007, Knutson and Gibbs proposed that the
dopamine release leads to an increase of BOLD signal in NAcc via D1 receptors. However, a
study of Choi et al. (2006) showed that the BOLD changes coupled with dopamine release
cannot be exclusively explained by neuronal activity but can be associated with the expression
of dopamine receptors on microvessels and astroglia. It has also been suggested that a
change in BOLD signal, traditionally related to dopamine release, may in some cases be
driven by glutamate (Urban et al., 2011). According to newer optogenetic research (Ferenczi
et al.,, 2016; Lohani et al., 2016), dopamine release from the VTA increases the BOLD

response mostly in striatum (both dorsal and ventral).

1.3.2.2 Considerations when combining fMRI and optogenetics

The combination of optogenetics and fMRI already appeared in a number of studies published
so far. The specificity of the stimulation and the well-known mechanism and time of action are
major advantages of this technique. As previously mentioned, optogenetic fMRI studies
capitalize, for example, on neurovascular coupling (Christie et al., 2017; Ji at al., 2012; Kahn
et al.,, 2013; Lee et al., 2010; Scott and Murphy, 2012) and on the connection between
dopamine release and the BOLD signal (Helbing et al., 2016; Decot et al., 2016; Ferenczi et
al., 2016; Lohani et al., 2016). Apart from the obvious advantages of combining these two
methods, one should also keep in mind that the light itself can influence the BOLD signal
(Christie et al., 2013 & 2017; Pawela et al., 2013; Rungta et al., 2017; Schmid, et al., 2017).
Light-driven BOLD response may be connected to:

1) activation of visual pathways (Ferenczi et al., 2016; Pawela et al., 2007; Schmid, et al.,
2017), which apparently can be eliminated by low-level constant illumination to the eyes
(Schmid, et al., 2017),

2) vasodilatation occurring even in absence of any neuronal activity (Rungta et al., 2017),

3) heating of the tissue (Christie et al., 2013).

Light artifacts are visible especially during application of trains of multiple light pulses (Christie
et al., 2017). For this reason, adequate controls (e.g. use of animals which are not expressing

opsins) are very important.
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1.3.3 ¥"Tc-HMPAO-SPECT

One of main drawbacks of fMRI is that the animals have to be either sedated or immobilized,
which in itself can affect the state of dopaminergic network. During the tracer infusion for
SPECT (single photon emission computed tomography), animals can be awake and move
freely, which is a major advantage over fMRI.

The source of the signal in SPECT imaging is the change in regional cerebral blood flow
(rCBF) upon the activation of a particular area. *™"Tc-HMPAO-SPECT therefore relies on a
very similar process, the increase in perfusion in activated brain regions, but, unlike fMRI, it
measures blood flow instead of oxygenation. In a typical experiment, the subject is injected
with the radioactive tracer *™Tc-HMPAO (technetium (**"Tc) hexamethyl-propyleneamine
oxime). This tracer crosses the blood-brain barrier in a rCBF-dependent concentration. After
crossing the barrier, the lipophilic complex disintegrates, trapping the radioactive technetium
in the brain. Due to the ion’s charge, it remains trapped in the extracellular space for hours. A
gamma radiation sensitive pinhole-camera can then be used later to image the distribution of
the radioactive tracer inside the brain (Meikle et al., 2005). The direct combination of SPECT
and CT (computer tomography) allows for an anatomical localization of measured functional
signal without distortions induced by magnetic inhomogeneities (Buck et al., 2008). A map of
tracer accumulation is required afterwards and for that purpose the animal needs to be
immobilized/anesthetized. Therefore, SPECT is characterized by low temporal resolution,
since only “frozen” patterns of tracer distribution can be acquired. That means that for every
stimulation session or behavioral condition, one image of the whole brain is obtained. It is
required that the consecutive scans of one subject should take place with about 48 hours inter-

scan interval for radioactive decay to occur.

1.3.3.1 SPECT imaging and dopamine release from the VTA

The work by Kolodziej and colleagues from 2014 has been the only study published so far
concerning optogenetic VTA stimulation and small-animal SPECT. In this study, the activations
from electrical and optogenetic stimulation in mice were compared. Optogenetic stimulation
was, however, not dopamine-specific since WT animals were used and vector construct was

expressed in a mixed set of the VTA neurons under the CaMKIlla promoter.
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2. Aims of the study

The influence of dopamine and other neurotransmitters released from the VTA on
neurovascular effects on the whole-brain level are not well known. Therefore, in the current
study we combined neuroimaging and different methods of VTA stimulation (optogenetic and
electrical) to investigate this issue. Use of both neuroimaging techniques (SPECT and fMRI)
made it possible to compare the effects of the optogenetic stimulation in awake and sedated
state. Furthermore, we explored the differences between the optogenetic stimulation of mixed
population of VTA neurons (less-specific) and exclusive stimulation of dopaminergic neurons
(dopamine specific) to determine the contribution of dopamine and other neurotransmitters in

ICSS acquisition and neurovascular response.

3. Materials and methods

Parts of this section have already been published in Helbing et al., 2016 or are included in
Brocka et al. 2018.

3.1 Subijects

Rats were housed under standard laboratory conditions (constant temperature, 12:12 h
light/dark cycle, food and tap water ad libidum). Both transgenic Th-Cre rats and their non-
transgenic littermates (Long Evans-Tg(Th::Cre), Deis; Witten et al., 2011) were used in the
optogenetic experiments. Electrical stimulation data was acquired in Wistar rats. The
experiments were performed in compliance with the EU Directive 2010/63/EU for animal

experiments and approved by the local ethical committee.

3.2 Viral vectors and stereotactic surgery

The following types of viral vectors were used: AAV2/5-CamKIlla-C1V1(E162T)-p2A-EYFP
(Prakash et al., 2012) for wild type (WT) animals, AAV2/5-Ef1a-DIO-hChR2(H134R)-eYFP-
WPRE-pA for Th-Cre rats and AAV2/5-CaMKlla-EYFP for WT controls. The CamKlla-
promoter targets a mixed population of the VTA neurons, which are predominantly, but not
exclusively, dopaminergic. In transgenic animals, selectivity is provided by the expression of
Cre-recombinase under the Th-promoter, which is exceptionally specific in the rat strain used
(Witten et al., 2011). The two different opsins were used due to their ability to match self-
stimulation rates across groups. Viral solutions were kindly provided by Karl Deisseroth

through the Viral Vector Core of the University of North Carolina.
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For virus injection and optical fiber implantation, the rats were anesthetized with pentobarbital
(50mg/kg) and fixed in a robotic stereotactic instrument (Neurostar). Two injections of 650 nl
viral solution (2x10E12 gc/ml) each were conducted in the VTA (-5.8 mm AP, -0.7 mm ML, 7.2
mm for the first injection and 7.6 mm for the second injection DV, speed 100 nl/min, 5-10 min
rest after injection). A custom-made optical fiber (200 um core diameter, N.A. 0.39) was
implanted above the injection sites (6.8 mm DV). Rats were given at least three weeks to

recover and to express the virus.

3.3 Implantation of the electrodes

Rats were deeply anesthetized with pentobarbital (40 mg/kg, i.p.) and placed in a stereotactic
frame. For electrical stimulation of the VTA, a bipolar stimulation electrode was implanted into
the VTA (coordinates: AP -5.6 mm, ML +2.3 mm from Bregma, DV 7.8 mm from dural surface
angled 10° to the midline). Following surgery, animals were provided with ad libitum food and

water and housed individually for a recovery period of 1 week.

3.4 1CSS

To confirm the correct fiber placement, animals were trained in an intracranial self-stimulation
(ICSS) paradigm for 10 consecutive days (30 min/day). Upon pressing the nosepoke lever,
the rat received a brief train of laser light pulses (10 pulses, 25 Hz, 10 ms pulse width, 10 mW
at the tip of the fiber; less-specific stimulation: 532 nm, specific stimulation: 473 nm). Animals

that did not reach 400 presses per session after 10 days were not used further in the study.
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Figure 3. Self-stimulation setup. The rat is placed in the self-stimulation box with an active nose-poke lever. Upon

pressing the lever, the shutter opens and the animal receives brief laser light stimulation. The shutter controller is

controlled by the LabView® program. Neutral density filter (NDF) is used to adjust the light intensity to 10 mW at
the end of the optical fiber. Adapted from Brocka et al. (2018)

3.5 fMRI

MRI measurements were performed in combination with optogenetic or electrical stimulation
of the VTA. Rats were initially anesthetized with isoflurane (1.5%; in 50:50 N2:O2; v:v) and
fixed into the head holder. Depending on the experiment, they were either connected to
recording and stimulation electrodes (electrical stimulation) or to the optical cable (optogenetic
stimulation). The anesthesia was switched to deep sedation by application of medetomidine
(Dorbene, Pfizer GmbH, bolus: 50 ug/kg s.c. and after 15 min 100 pg/kg per h s.c.; Weber et
al., 2006). Breathing, heart rate and oxygen saturation were monitored throughout the
experiment by an MRI-compatible pulse oxymeter (MouseOX™; Starr Life Sciences Corp.,
Pittsburgh, PA, USA). Heating was provided from the ventral site.

All fMRI measurements were performed on a 4.7 T Bruker Biospec 47/20 animal scanner (free
bore of 20cm) equipped with BGAO9 (400 mT/m) gradient system (Bruker BioSpin GmbH,
Ettlingen, Germany. A 50 mm Litzcage small animal imaging system (DotyScientific Inc.,
Columbus, SC, USA) was used for the RF signal reception.
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Anatomical images were obtained with the following parameters: 10 horizontal T»-weighted
spin-echo images, RARE sequence: TR 4000 ms, TE 15 ms, slice thickness 0.8 mm, FOV
37x37 mm, matrix 256x256, RARE factor 8, number of averages 4. The total scanning time
was 8 min 32 s. Functional MRI (fMRI) was performed using a gradient-echo EPI (echo planar
imaging) sequence with the following parameters: TR 2000 ms, TE 24 ms, The slice geometry,
i.e., ten horizontal slices, was identical to the previously obtained anatomical spin-echo-

images.

3.6 Optogenetic stimulation

Every stimulation protocol was preceded by 2 min baseline acquisition, during which no
stimulation was applied. We used the same fMRI optical stimulation protocol as previously
described (Helbing et al., 2016). Briefly, it consists of 8 bursts of light (10 pulses, 25 Hz, 10 ms,
10 mW, 532 nm in case of less-specific stimulation, 473 nm in case of specific stimulation and
EYFP control rats), spaced one second apart and followed by 52 s of rest. This sequence was
repeated 15 times for each animal. Total scanning time was therefore 17 min. In Study |, seven
animals for less-specific stimulation and seven for specific stimulation were used. In Study I,
the measurements were done on eleven less-specifically stimulated, ten specifically
stimulated and two WT controls. During the fMRI measurements for Study Il the eyes of the

animals were covered with a piece of black foil to decrease the chances of visual artefacts.
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Figure 4. Setup for optogenetic stimulation in the fMRI. The sedated rat is placed in the fMRI scanner and light

stimulation is controlled by the LabView® program. A custom-made light coupler, consisting of an optical cable, a
prism, and a mating sleeve are used to deliver light to the optical fiber implanted in the brain. Adapted from Brocka
et al. (2018)

3.6.1 Pharmacological manipulation: D15 receptor blockade

For the D15 receptor blockade experiments both Th-Cre (n=2) and WT rats (n=4) were used;
all of the animals received the injections of AAV2/5-CamKlla-C1V1(E162T)-p2A-EYFP virus
(less-specific stimulation) and underwent ICSS training. About 30 min before the
fMRI/optogenetic stimulation session, the rats were injected with SCH23390 (0.2 mg/kg, i.p.)
to test the role of the dopamine D15 receptors in the formation of a BOLD response during

less-specific stimulation.

3.7 Electrical stimulation

All animals were initially anesthetized with isoflurane (1.5-1.8%; in 50:50 N2:02; v:v) and the

anesthesia was switched to deep sedation by application of medetomidine (Dorbene, Pfizer
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GmbH, bolus: 50 mg/kg s.c. and after 15 min 100 mg/kg per h s.c.) after animals were fixated
to the head holder and connected to recording and stimulation electrodes.

During fMRI the VTA was stimulated with discontinuous 100 Hz pulses, i.e., 8 bursts of 10
pulses applied one burst per second. One stimulation train lasted 8 s, so during the one train,
80 identical pulses were applied. The applied stimulation protocol consisted of 10 consecutive
stimulation trains, given every minute after the two-minute baseline. The pulse intensity for the
VTA stimulation was set to 300 pA, which did not cause stimulus-induced movements of the

head. In each Study (I and Il) seven rats underwent electrical stimulation in the fMRI.

3.7.1 Pharmacological manipulation: D15 and NMDA receptor blockade

To test the role of the dopamine D15 receptors in the formation of a BOLD response during
electrical stimulation, the animals (n=7) received the dopamine D5 receptor antagonist
SCH23390. The combined fMRI and electrophysiological measurement started about 30 min
after drug application. The role of N-methyl-D-aspartate (NMDA) receptor activation in the
generated BOLD response was tested in an additional group of animals by application of the
NMDA receptor antagonist MK801 (0.5 mg/kg, i.p.). MK801 was also applied immediately

before the combined fMRI/electrophysiology session.

3.8 Data processing and analysis

The fMRI data were analyzed in BrainVoyager QX (Brain Innovation, Maastricht, the
Netherlands). A standard sequence of pre-processing steps, including slice scan time
correction, 3D motion correction (trilinear interpolation and reduced data using the first volume
as reference) and temporal filtering (high pass GLM-Fourier: three sines/cosines and
Gaussian filter; FWHM 3 data points) was applied to each data set. Images were reconstructed
at 128 x 128 voxels per slice and spatially smoothened (Gaussian filter of 1.4 voxel).
Functional activation was analyzed by using the correlation of the observed BOLD signal
intensity changes in each voxel with a predictor (hemodynamic response function, HRF),
generated from the given stimulus protocol. To calculate the predictor, the square wave
representing stimulus on- and off-conditions was convolved with a double gamma HRF (onset
0 s, time to response peak 5 s, time to undershoot peak 15 s). Based on this multi-subject
GLM (general linear model) analysis, the appropriate activation map could be generated. All
significantly activated voxels were converted into volumes of interest (VOI), from which surface

clusters were created and visualized with the BrainVoyager VOI analysis tool. To exclude false
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positive voxels in Study |, we only considered those with a significance level p of less than
6.8x107 (tmin=5) for analysis of the size of the activated area, which was thus clearly above
the threshold set by calculating the false discovery rate (FDR) with a g-value of 0.05 (which
corresponds to a t value greater than three or p<0.005).

To exclude false positive voxels in Study I, we only considered those with a significance level
p above the threshold set by Bonferroni corrected p value of 0.001 (which corresponds to a t
value greater than 5.6) or by an uncorrected p value of 0.01 (which corresponds to a t value
greater than 3.2).

In Study II, a volume of interest (VOI) analysis was performed. Individual VOls, i.e., right and
left hippocampus, right and left nucleus accumbens, right and left striatum, septum, prefrontal
cortex region and VTA were marked in the 3D standard rat brain. The average BOLD time
series of all voxels located in one VOI was then calculated for each individual animal using
the volume-of-interest-analysis tool implemented in the BrainVoyager QX2.6.1 software. Each
individual BOLD time series was normalized using the averaged BOLD signal intensity as
100%. All normalized BOLD time series were then averaged and depicted as mean BOLD
time series £ SD. These mean BOLD time series of individual VOls were used to calculate
event related BOLD responses.

Event-related BOLD responses were calculated by measuring the signal intensities starting
six frames before stimulus onset (—12 s until 0 s), during stimulus presentation (between 0 and
8 s, which corresponds to four frames) and the following 15 frames (8 s to 38 s) after the end
of the stimulus. To avoid the confounding effect of putative variations in baseline BOLD signal
intensities on the calculated BOLD response (i.e. BOLD signalstimuus/BOLD
signalpaseine X 100%), each BOLD response was related to BOLD signal intensities of the

stimulus over the preceding 12 s.

3.9 SPECT

Following fMRI scans, animals were implanted with a silicon catheter in the right external
jugular vein (Gaudig Laborfachhandel GbR, Silzetal-Osterwedding, Germany; OD: 1.3 mm,
ID: 0.5 mm, catheter length 11 cm). Catheter lock solution (Cath-Loc HGS, SAl Infusion
Technologies, USA) was injected into the catheter to prevent from clogging. The animals were
given at least one day to recover from surgery before the SPECT measurements. Nine animals
for dopamine-specific and nine for less-specific stimulation were used. For each animal, one
baseline and one stimulation measurement were performed. Animals were awake during the

injection of the radioactive tracer (250 MBq of **"Tc-HMPAO in 400 pl volume, for details see
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Kolodziej et al., 2014 and Vincenz et al., 2017). In both stimulation conditions, animals were
connected to the optical cable and could move freely in a plastic box.

The optical stimulation protocol was similar to the protocol used during fMRI but contained 10
instead of 15 repetitions following previous protocols (Kolodziej et al., 2014) with tracer-
injection times of 10 min. After these 10 min, rats were anesthetized with isoflurane and

scanned in a small-animal SPECT scanner (NanoSPECT/CT, Mediso, Hungary).

3.9.1 Data analysis

Images were reconstructed at an isotropic voxel size of 333 uym. In addition to SPECT, CT
scans (45 kVp, 177 yA, 180 projections, 500 ms per projection) were acquired from the same
FOV as SPECT-images and reconstructed at an isotropic voxel size of 200 ym. SPECT/CT
images were aligned to a rat brain MR-template using the MPI-Tool-Software (Advanced Tomo
Vision, Germany). Alignments were based on the best fit of CT- and MR-images and all images
were saved with 200 uym isotropic voxel sizes. SPECT-brain data were manually segmented
using a whole-brain VOI with Osirix.

SPECT data sets were intensity-normalized to the same global mean. For statistical analysis,
voxel-wise paired t-tests were performed. The resulting P-maps were smoothed with a median
filter using a 3x3x3 voxel kernel. Statistical analysis and smoothing were done with the
Magnan-Software (version 2.4, BioCom GbR, Germany). In accordance with previous small-
animal radionuclide imaging studies, uncorrected P-values are given (Endepols et al., 2010;
Michaelides et al., 2013; Thanos et al., 2013). SPECT/MR fusion images were made in Osirix
and arranged for illustration using Photoshop CS6 (Adobe Systems, San Jose, USA).

3.10 Fast-scan cyclic voltammetry (FSCV)

Rats were anaesthetized with urethane (1.6 g/kg i.p.) and placed in the stereotactic frame. A
carbon fiber working electrode was lowered into the right NAcc (shell) (AP: +1.6 mm, ML: +2.2
mm from bregma, DV: 7.0-7.5 mm from the dural surface) and recording started 90 min after
implantation of the electrode. The optogenetic stimulation protocol was similar to the one used
during fMRI and SPECT (10 trains, 10 pulses, 25 Hz, 10 ms, 10 mW, 532 nm in case of less-
specific stimulation, 473 nm in case of specific stimulation).

Fast-scan cyclic voltammetry (FSCV) was performed with polymer-encased carbon fiber
electrodes (7 uym diameter, ~ 100 um length; Toray Carbon Fibers America, Inc., Santa Ana,
CA, USA) as an acute procedure. The Ag’AgClI reference electrode was prepared from silver
wires (0.5 mm diameter, Sigma-Aldrich, St Louis, MO, USA) chloridized in 0.1 M HCI. All cyclic
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voltammograms were obtained with a triangular waveform (scan rate: 10 Hz, resting potential:
- 0.4V, switching potential: 1.2 V, 400 V/s, 1000 samples per scan). Waveform generation
and data collection were performed with the Invilog Voltammetric System and Software
(Acquisition and Stimulation A&S, Invilog Research Ltd, Kuopio, Finland) and analyzed by a
Fast Cyclic Voltammetry Analysis (FSV Analysis, Invilog Research Ltd, Kuopio, Finland) tool,
which integrates FSCV and displays electrochemical measurements on a base station
computer. The FSCV carbon fiber electrode was placed in the NAcc (AP: 1.6 mm, ML: 1.5 mm
from bregma, DV: 6.6—7.5 mm from the dural surface).

Because of the inherent differences in sensitivity between Polymer-coated electrodes, in vivo
changes in oxidation current recorded with different electrodes (in different animals) cannot
be assumed to be equivalent. Thus, valid comparisons are possible only if the sensitivity of
each electrode is calibrated against a standard and the electrochemical data are expressed
as standard equivalent values. In the present study, DA was used as the standard to calibrate
the working electrode sensitivity. Accordingly, in vivo changes in oxidation current are
expressed as UM values of dopamine concentration. Therefore, the peak oxidation currents
for dopamine in each voltammogram (at approximately 0.6 V) were converted into
concentration from a post-experiment calibration against fresh solutions of 0.1 to 2 yM

dopamine.

3.11 Histology

Rats were perfused transcardially with a 4% paraformaldehyde solution and the brain was
sectioned on a vibratome or cryotome. Fiber placement and viral expression were confirmed
under a confocal microscope. Primary antibody against tyrosine hydroxylase (1:1000 rabbit
anti-Th, Millipore Corporation, Billerica, USA) and fluorescent (Alexa 546, Molecular Probes,

Eugene, USA) secondary anti-rabbit antibody were used to stain for dopaminergic cells.

4. Results

4.1 Study |

In this study, we investigated if/fto what extent is dopamine responsible for formation of

canonical, reward-related BOLD response.
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4.1.1 Evoked BOLD signal depends on cell-specificity of VTA stimulation

In our first study (Helbing et al., 2016), we used 25 Hz phasic less-specific and specific
optogenetic stimulation and compared the evoked BOLD signals. We observed clear BOLD
responses upon less-specific stimulation which covered e.g. VTA, NAcc, and prefrontal cortex.

However, during specific stimulation, we saw only a slight increase in signal in the tectum.

y b "
- :
B e - - - -
specific stimulation (n=6) less-specific stimulation (n=6)
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Figure 5. BOLD signals evoked by less-specific and specific optogenetic stimulation. Adapted from Helbing et al.,
2016.

Electrical stimulation was for many decades the main technique used to non-specifically
modify the activity of neurons. To put our results in context of these classical experiments, we
decided to compare the optogenetic stimulation of the VTA with the electrical one (100 Hz,
n=7), which resembled 25 Hz optogenetic stimulation. During the electrical stimulation the
BOLD signal increased in regions connected to the reward network. These BOLD responses
were even more widespread than the once observed upon optogenetic less-specific

stimulation. The release of dopamine upon electrical stimulation was confirmed by FSCV.
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Figure 6. Electrical stimulation of the VTA leads to the widespread increase of BOLD signal (n=7) and release of

dopamine into NAcc (3.5+/- 0.4pM). Adapted from Helbing et al., 2016.

4.1.2 Blockade of dopaminergic D15 receptors does not influence BOLD responses evoked by

electrical stimulation

To investigate the source of the signals from electrically stimulated animals (n=7), we applied
the dopamine D15 receptor blocker SCH23390. Surprisingly, the signal was still visible in NAcc
and mPFC/ACC. On the other hand, application of MK801 (NMDA receptor blocker) visibly
decreased the formation of BOLD responses in these regions. This observation indicates that
a canonical BOLD response in the regions connected to reward network may not be directly

related to DA release.
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Figure 7. Electrical stimulation of the VTA (n=7). Only application of NMDA receptor blocker (MK801) leads to clear
decrease of BOLD signal. Adapted from Helbing et al., 2016.

4.2 Study I

Animals placed in fMRI have to be either immobilized or sedated. In our experiments we used
medetomidine (dormitor) for sedation. It is known, however, that different pharmacological
agents can influence BOLD signals (Krautwald and Angenstein, 2011). On the other hand,
immobilization causes distress and discomfort in animals and requires training for a couple of
days before the scanning session. All of these undesirable factors may influence fMRI results.
Therefore we decided to compare fMRI BOLD measurements of sedated animals with rCBF-

SPECT of awake animals.

4.2 .1 Intracranial self-stimulation is acquired at comparable levels in case of less-specific and

dopamine specific stimulation

At first, we wanted to determine if optogenetic stimulation in both rat groups had comparable
rewarding values. Thus, all of the subjects underwent ICSS training during 10 consecutive
days. The animals were placed in a self-stimulation chamber with a nose-poke lever. Upon
pressing the lever, they received light stimulation to their VTA. The acquisition of behavior was

very similar between the two groups, which confirms the observation that dopamine is
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necessary for ICSS (Beier et al., 2015; llango et al., 2014; Steinberg et al., 2014; Witten et al.,
2011). The animals which pressed more than 400 times during 30 min of training were included

in further experiments.
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Figure 8. ICSS training results. Mean press rates for rats which underwent dopamine specific and less-specific
stimulation were not significantly different (Wilcoxon rank sum test, p=0.375). Adapted from Brocka et al. (2018).

4.2.2 fMRI results confirmed findings from Study |

After the training, animals underwent fMRI measurement (optogenetic stimulation of 25 Hz,
10 mW from the tip of the fiber, 15 trains). We also used 7 other animals for electrical
stimulation of the VTA (with the parameters from Study I). New fMRI results confirmed our
previous observations — upon stimulation, we saw broad patterns of BOLD responses due to
electrical and less-specific stimulation, whereas upon specific stimulation changes were
focused in the thalamus and tectum. Control animals, which expressed only an eYFP marker,

but no opsin in the VTA, showed only a slight increase in BOLD signal in the thalamus.
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Figure 9. Distribution of BOLD signal during electrical, optogenetic specific and less-specific stimulation and in
controls (expressing only eYPF, but no opsin). Adapted from Brocka et al. (2018).
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al. (2018).
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Blockade of dopamine D+ s receptors by SCH23390 was not accompanied by the decrease of

BOLD signal during less-specific stimulation.
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Figure 10. Blockade of D15 receptors did not cause the decrease of BOLD response. Adapted from Brocka et al.
(2018).

4.2.3 Optogenetic less-specific and dopamine specific stimulation has different effects on

rCBF

Subsequently, the same opsin-expressing rats underwent awake SPECT measurements.
During the injection of radioactive tracer, the animals were stimulated optogenetically with the
same parameters, as were used during fMRI scan. The only difference was that trains were
repeated 10 times instead of 15 times. The results from SPECT resembled those from fMRI.
Less-specific stimulation led to the increase of blood flow in stimulated area and left NAcc,
whereas we did not observe any comparable results upon specific stimulation. In contrast to
fMRI, we did not detect increased activity in mPFC, but rather a decrease in tracer

accumulation in prelimbic/infralimbic cortex for both stimulation paradigms.
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Figure 11. Changes in rCBF induced by optogenetic VTA stimulation. Significant increases (yellow) and decreases
(blue/violet) of ®*™TcHMPAO tracer uptake are shown in the map. Maps of statistically significant voxels are overlaid
on a reference MR. An overlay of the added CTs of all individuals in each group is shown in green in D.

The location of optical fibers is indicated by arrows in D. Significant increase in tracer uptake is observed in case
of less-specific, but not specific VTA stimulation in NAcc (A,B) and VTA (C,D). Adapted from Brocka et al. (2018).
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4.2.4 Temporal dissociation between DA-release and BOLD signal

We used FSCV to investigate if differences visible in neuroimaging emerged from different
levels of dopamine release between the groups. Animals were anesthetized with urethane and
the electrode was placed in the right NAcc (shell). DA release upon optogenetic stimulation of
the VTA was measured during 10 consecutive stimulation trains (with parameters used during
fMRI and SPECT experiments). In both animal groups, optogenetic stimulation caused a

similar DA release in the nucleus accumbens and also exhibited similar temporal release

characteristics.

less-specific stimulation specific stimulation

0 Y ‘ i ‘]\
- 7o)
- = = z
> 2 12 =
© (] [} 4 | - =
g 22 ool ol SO0 E
- IR L

e K & m -5.9
Laser Laser
3} —&— specific stimulation

—&— |ess-specific stimulation

DA release [uM]
w

—
-8~

1 3 5 7 9
[train]

Figure 12. Dopamine release into the nucleus accumbens as detected by in vivo fast-scan cyclic voltammetry
during less-specific (n=3) and specific (n=4) optogenetic VTA stimulation. The dopamine release was transient and
repeatable during consecutive stimulations. The amount of dopamine released during optogenetic stimulation was

similar between the groups. Adapted from Brocka et al. (2018).
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We also observed the dissociation of neurovascular responses during less-specific stimulation
and DA release, measured by FSCV. After about six stimulation trains, the BOLD responses
started to disappear, while the DA release in NAcc was still relatively stable. Therefore, we
cannot directly assume that BOLD signals measured during less-specific stimulation

unequivocally mirror the DA release.

4 3

Train 1-2 Train 3-4 Train 5-6

Train 7-8 Train 9-10
threshold: Bonferroni, p=0.001 (tmin>5.71)

Figure 13. BOLD signal during the less-specific stimulation. Note gradual weakening of the signal during

consecutive trains. Adapted from Brocka et al. (2018).

As expected, inspection of histological data revealed that the opsin in Th-Cre rats (specific
stimulation) was mainly located in Th expressing cells, whereas in WT rats (less-specific

stimulation) this expression was present also in Th-negative neurons.
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Figure 14. Picture above: Viral construct (EYFP, green cells) in Th-Cre animals (dopamine-specific stimulation) is

mostly expressed in Th-positive dopaminergic cells (red cells). Picture below: In rats expressing viral construct
under CaMKIlla promotor (less-specific stimulation) the opsin was also present in Th-negative cells. Adapted from
Brocka et al. (2018).
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5. Discussion

Our data show that the results from neuroimaging studies, focused on reward network, should
be treated with caution. Activity detected in reward related structures may not be directly
related to VTA dopamine release and, on the other hand, the absence of this activity does not
equal absence of dopamine release.

The most interesting observation from the current study is that optogenetic less-specific and
dopamine specific VTA stimulation led to very similar behavioral (ICSS) effects and
comparable DA release (FSCV) yet resulted in surprisingly different neurovascular effects
(fMRI and SPECT). Whereas during less-specific stimulation we observed broad BOLD
responses in VTA and connected areas and increase of rCBF in NAcc and VTA, specific
stimulation was followed only by increase in BOLD signal in visual areas. The pattern of signals
evoked by electrical stimulation was similar to optogenetic less-specific stimulation, although

the magnitude was higher.

5.1 Specificity of stimulation

The methods used in the current work targeted dopaminergic cells with different specificity.
The least specific would be electrical stimulation. As already mentioned above, electrical
stimulation non-selectively activates or inhibits cells, depending on their orientation and
distance from the electrode (Ranck, 1975). Not only does it send anterograde impulses to the
VTA target regions, but in contrast to optogenetics, also retrogradely stimulates regions
projecting onto the VTA. By using the NMDA receptor blocker MK801 we confirmed that BOLD
responses were mainly driven by glutamate, whereas dopamine only played a marginal role
(Fig.7).

Less-specific optogenetic stimulation targeted mixed population of VTA neurons in WT rats. It
results in release of different neurotransmitters from the VTA cells. This combined release
appears to be crucial for increase in BOLD signal and rCBF. Moreover, dopamine release
measured by FSCV is relatively stable over 10 trains of stimulation, yet the BOLD signal
disappears over time. Even if we assume that dopamine may drive the BOLD response at the
beginning of the stimulation, release of this neurotransmitter does not reliably predict the
BOLD response.

The most specific of the used methods is optogenetic stimulation of dopaminergic cells in Th-
Cre rats. Although the dopaminergic cells are targeted with high precision (Witten et al., 2011),
it is worth mentioning that the stimulation of dopaminergic cells does not equal dopamine
release alone. It is known that some dopaminergic cells also corelease glutamate and GABA
(Tritsch et al., 2012, 2014, 2016). Our results, however, indicate that none of these other

35



neurotransmitters released from dopaminergic cells, have a great impact on the formation of
BOLD response and changes in rCBF. Moreover, BOLD responses, which crossed the
statistical threshold, were located in visual areas. These were likely visual artefacts (not visible
to that extent in control animals due to differences in the number of subjects) or indications of
plastic changes, which originated from pairing the light used for optogenetic stimulation with

dopamine release.

5.2 Comparison to other optogenetic studies

The influence of dopamine on neurovascular responses has been further investigated by other
research groups. Ferenczi et al. (2016) and Lohani et al. (2016) also used optogenetic
stimulation of the VTA dopaminergic cells to investigate the influence of dopamine on the
formation of a BOLD response. Upon stimulation, they observed an increase in BOLD signals
mainly in the striatum. To explain the discrepancy between these studies and our current work,

we compared the experimental designs.

1) Animal state: Ferenczi et al. used awake rats for fMRI measurements; Lohani et al.
anesthetized animals with isoflurane, whereas we used medetomidine sedation. It is
understandable that the result of the stimulation may depend on the initial state of an
animal. To address this problem, we obtained rCBF-SPECT images of awake rats,
stimulated optogenetically. These images, however, mostly confirmed our fMRI results:
specific stimulation did not lead to increased tracer accumulation in reward-related

regions.

2) Stimulation parameters: Each group used different stimulation parameters. Lohani et
al. referred to our study (Helbing et al., 2015) and claimed that the lack of observed
BOLD signal changes results from too short stimulation. It is, however, hard to find the
justification for using longer stimulation. First, our paradigm leads to clear dopamine
release, which does not seem to have an impact neither on BOLD signal nor on rCBF.
Second, in physiological conditions burst firing of dopaminergic neurons lasts about
one hundred milliseconds (Schulz et al., 1997), so prolonged stimulation with high
frequency may have no physiological relevance. Third, the observed BOLD signal after
long stimulation of VTA neurons may not be directly connected to dopamine release,

but to secondary effects evoked by overstimulation.

3) Scanner magnetic field: Ferenczi et al. and Lohani et al. performed their

measurements in 7 T and 9.4 T scanners, respectively. The magnetic field of our
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scanner is lower (4.7 T), but still enables us to compare our results with human studies,
which have typically been carried out in lower field scanners than what is currently
available for rodent research (Alves et al., 2010; D’Ardenne et al., 2008; Knutson et
al.,, 2004). In the current study we still could observe a canonical BOLD response
evoked by electrical and less-specific optogenetic stimulation. Scanners using higher
magnetic fields are better in detecting smaller changes in BOLD signal, but the

physiological meaning of these changes is not clear.

According to Ferenczi et al. and Lohani et al., stimulation of dopaminergic VTA cells leads
to an increase of BOLD response mostly in dorsal and ventral striatum. Our results,
however, confirm these observations only partially. Specific stimulation of dopaminergic
VTA neurons results in very low levels of BOLD signal in nucleus accumbens and the
dorsal striatum. Using standard statistical methods, these activations would not be
detectable in our experiments. The magnitude of the activations in the region of below 0.2-
0.5% is comparable to previous research (Ferenczi et al., 2016) but small compared to

effects observed upon less-specific or electrical stimulation.
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Figure 15. Dopamine specific stimulation after lowering the threshold and removing Bonferroni correction. Even at

a low threshold, significantly activated voxels are mainly located in the thalamus and tectal area, however, some

responses also appear in reward related areas. Adapted from Brocka et al. (2018).

5.3 Differences between fMRI and SPECT

In the current work we compared the results from fMRI (sedated animals) with SPECT (awake

animals). Regardless of the technique, we observed higher activation of reward-related
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network upon less-specific stimulation then upon specific stimulation. However, only in SPECT
we observed a decrease in prelimbic/infralimbic cortex in both animal models. These
differences may originate from the state of the animals (awake vs sedated), but also from the
specifics of both neuroimaging methods. The BOLD responses are stimulus-locked, which
means that the signal alterations can be observed with relatively high temporal resolution.
SPECT detects the rCBF changes accumulated during the whole stimulation period. Long
stimulation may lead to the shift in neuronal baseline activity, which cannot be filtered out from

the “frozen” rCBF signal.

5.4 Relevance for human studies

Motivation, decision making, and learning are well-known cognitive processes regulated by
DA. The dopaminergic system also plays an important role in psychiatric conditions in humans
such as schizophrenia, depression and addiction. That is why the contribution of dopamine to
the BOLD response is a widely discussed topic (Duzel et al., 2009; Knutson and Gibbs, 2007).
If the BOLD signal in output regions of the VTA was directly correlated to the DA release, we
would obtain a good tool to study the functions and malfunctions of the dopaminergic system.
Although such a scenario has been suggested (D’Ardenne et al., 2008; Knutson and Gibbs,
2007; Schott et al., 2008), our results demonstrate that caution is necessary when interpreting

BOLD signals with respect to underlying dopaminergic activity.

5.4.1 Constraints of translating results from animal studies to human studies

Optogenetics has an advantage over non-invasive human experiments in studying particular
phenomena (like dopamine release) because of its high precision and temporal resolution.
Notwithstanding, there are several constraints of animal models (like the one used in our

study) which should be considered.

1) As already pointed out by Duzel et al. (2009), the anatomical and functional distinction
between VTA and SN is very clear in rodents, but not in primates, in which the border

between these structures is not visible.
2) In the current study, we targeted one part of the VTA which is defined by supporting

reliable self-stimulation behavior. However, the VTA is significantly more diverse and

parcellated into different subfields, which target different brain regions (Aransay et al.,
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2015). The profile and number of dopaminergic neurons also differs between these
subfields (Barker et al., 2016). Moreover, the receptor profile of the target neurons
differs among targets, leading to rather activating (D1 receptor dominates) or
deactivating effects (D. receptor dominates). As a result, the stimulation of different

VTA subfields might lead to differing results.

3) The ratio of D4 to D2 receptors is higher in the rats than in mice, non-human primates
and humans (Mandeville et al., 2013). That may contribute to the differences in
neuroimaging results between rats and other species. Higher ratio of D1 to D2 receptors
should, however, increase the possibility of detecting dopamine-mediated BOLD
signals, since according to Knutson and Gibbs (2007), activation of D1 receptors in
NAcc increases the local BOLD response. If the theory of Knutson and Gibbs was
correct, we should be more likely to observe changes in BOLD signal in rats than in
other species. However, our results (from specific optogenetic stimulation and less-
specific stimulation in presence of D15 receptor blocker) question the aforementioned

theory.

6. Conclusions

Unlike the selective optogenetic stimulation of DA VTA neurons, optogenetic or electrical
stimulation caused much more widespread changes in BOLD, reminiscent of the patterns
observed in human studies. Therefore, we suggest that reward-related neurovascular signals,
classically associated with dopamine release, are unlikely to be driven by dopamine. We
consider it therefore possible that the activity of glutamatergic cells, inhibition from co-
stimulated inhibitory cells, or non-neuronal processes are mainly driving observed classical
BOLD signals. This should be, however, determined in the future studies. The main aim of this
work is to point out that the dopamine may play a less important role in driving neurovascular
responses than currently assumed. Therefore, we call for cautious interpretation of

neuroimaging data.
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