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Supplementary Introduction  

 

Dopaminergic dysfunction has been suggested to play a crucial role in mental disorders, 

including schizophrenia and depression (Howes et al., 2009). Importantly, 

psychopharmacological treatment of these disorders is often targeting the dopaminergic 

system: while treatment of schizophrenia is primarily based on using dopamine (DA) D2 

receptor (D2R) antagonists, DA D2R agonists, amongst other pharmacological targets, are used 

for monotherapy or augmentative treatment in patients with depression (Goldberg et al., 

2004). So far, numerous studies have investigated potential alterations in neuronal activity 

and/or co-activity via fMRI in patients with mental disorders associated with dopaminergic 

dysfunction. In addition, many studies have included patients predominantly receiving 

psychopharmacological medication affecting dopaminergic mechanisms, particularly DA D2R 

antagonists, such as typical / atypical antipsychotic medication during the time of the scan 

(Kirschner et al., 2018; Kirschner et al., 2019). Despite the potential influences that the disease-

specific or medication-induced alteration in dopaminergic homeostasis might have on 

measured BOLD signal, many studies tended to assume that the observed changes in BOLD 

signal truly represents brain activation (Iannetti et al., 2007). However, the interpretation of 

findings under dopaminergic neuromodulation in vivo is still unclear, making further systematic 

investigations of potential interactions between dopaminergic neuromodulation and 

neurovascular coupling mandatory (Logothetis, 2008). 

Current literature suggests that DA neuromodulators can exert strong influences on 

neural responses and alter neurovascular coupling (Arsenault et al., 2013; Zaldivar et al., 2014). 

However, their exact effect on BOLD responses remains still unclear, limiting the general ability 

to interpret the effects of changes in behavioral state using fMRI (Logothetis, 2008). DA 

modulates a myriad of neurocognitive functions and affects learning, particularly the 

reinforcement of behavioral patterns that produce desirable results (Schultz et al., 1997). In 

addition, dopaminergic signaling is also assumed to modulate visual perception, although likely 

not directly but rather through exerting an effect on other brain areas regulating top-down 

control of visual perception (Noudoost et al., 2011).  Lastly, preclinical studies reported a 

considerable effect of DA on neurovascular coupling (Zaldivar et al., 2014). For example, 

Zaldivar and colleagues systemically administered levodopa (L-DOPA) and Carbidopa (LDC) in 

macaques and investigated the effect on neuronal signaling in the primary visual cortex (V1) 



using intracortical electrophysiology and fMRI (Zaldivar et al., 2014). They found decreased 

visually induced BOLD-response in V1, while CBF and electrophysiological activity were 

increased. Taken together, those findings indicate that dopaminergic modulation has not only 

an effect on perception and cognition per se, but also an impact on hemodynamic parameters, 

which might result in altered BOLD activity. The purpose of this study was to investigate the 

effect of pharmacological dopaminergic interventions in terms of dopamine-agonism and –

antagonism on measured task-induced BOLD-signal in the visual cortex of healthy individuals. 

We systemically administered Quetiapine (QT), Pramipexole (PX) or a placebo (PLA) one hour 

before participants underwent a visual task fMRI in a randomized-crossover, placebo-

controlled fashion. We have chosen those agents due to a range of considerations: First, QT is 

an antagonist at the DA D2 receptor (as well as dose-dependent the serotonin 2A (5-HT2A), H1-

, adrenergic- and further 5-HT receptors), while PX is a selective agonist at the DA D2 and D3 

receptor. Pharmacologically, DA D2, D3 and D4 receptors are clustered as DA D2-like receptors 

compared with DA D1 and D5 receptors, therefore, PX and QT have relatively good 

pharmacologically opposed mechanisms (except for the serotonergic and histaminergic actions 

of QT, (Michels et al., 2016)). Second, both drugs are frequently used to treat neuropsychiatric 

disorders, including schizophrenia, bipolar disorder, and depression and are therefore 

frequently reported in fMRI studies assessing functional properties in patient populations 

receiving medication. Since the effect on dopaminergic modulation on the BOLD-signal in vivo 

is still not fully understood, we modelled the BOLD response to the visual task using different 

hemodynamic response functions, allowing to detect distinct alterations of the shape of 

detected BOLD signals. We hypothesized that DA modulation will have a detectable effect on 

the measured BOLD signal, even in the absence of cognitive tasks. 

 

 

  



Supplementary Methods 

 

MRI data acquisition 

MR-imaging was performed on a 3.0 Tesla Achieva system (Philips Healthcare, Best, The 

Netherlands) using an eight-channel phased-array head coil (8-channel head coil). For 

evaluation of the potential impact of dopaminergic neuromodulatory interventions on the 

BOLD-signal during visual stimulation, two consecutive gradient-echo echo planar imaging (EPI) 

sequences with different repetition times were acquired using the following parameters: (a) 

TR=500ms, 9 axial slices, TE=25ms, FA=90º, FoV=24024044mm3, voxel 

size=3.753.754.88mm3 and (b) TR=2000ms, 17 axial slices, TE=30ms, FA=90º, 

FoV=24024076mm3, voxel size=3.753.754.47mm3 

 

Visual task 

In general, the early visual system can compensate for changes in the neural activity by 

incorporating gain modulation (Levy et al., 2017), which can have a considerable influence on 

neuronal signals and fMRI impacts both, fMRI and neural signals (Butler et al., 2017).  In this 

study, a visual stimulation paradigm designed according to a previously reported study  

(Luchtmann et al., 2010) served for the measurement of the individual regional HRFs in the 

visual cortex (V1, V2, V3, using probabilistic maps (Wang et al., 2015)) as well as in the lateral 

geniculate nucleus. The visual stimulus consisted of a flickering checkerboard presented for 2 s 

with a flicker-frequency of 8 Hz. The stimuli were presented in an event-related design with a 

fixed interstimulus interval of 10 s, resulting in a total block length of 12 s (2 s checkerboard, 

10 s black screen) with 10 repetitions. The relatively long interstimulus interval was chosen to 

allow for a complete monitoring of the HRF. 

 

Bayesian statistics 

Bayesian statistics were performed using the JASP software package (https://jasp-stats.org). In 

general, Bayesian inference statistics calculates the posterior probability as a consequence of 

a prior and a likelihood function, which stems from a model for the observed data. Performing 

Bayesian repeated measures ANOVA and Bayesian paired-sample t-tests, we calculated the 

Bayes Factor (BF10) for the dopamine-model (H1, i.e. antagonism, placebo and/or agonism) 

against the null-hypothesis (H0) for both sequences (TR=2000ms and TR=500ms) and all HRF-

https://jasp-stats.org)/


models (HRF, HRF-TD, HRF-TDD, FIR, sFIR) in the primary visual cortex. A BF10 > 1 favors H1, 

while a BF10 < 1 favors H0.  

 

 

  



Supplementary Results 

 

General physiology 

Statistical analysis of blood pressure and heart rate before and after the scan session revealed 

no differences (p<0.05, corrected for multiple comparisons) between PLA, QT and PX with 

respect to systolic blood pressure (pre (mean±SD): PLA, 131.86±20.39; QT, 129.00±19.89; PX, 

134±18.94; post: PLA, 129.59±15.70; QT, 123.48±13.50; PX, 132.74±17.03), diastolic blood 

pressure (pre (mean±SD): PLA, 83.52±10.53; QT, 82.90±10.32; PX, 84.59±11.94; post: PLA, 

81.86±10.73; QT, 78.90±10.26; PX, 85.39±10.18) and heart rate (pre (mean±SD): PLA, 

71.38±12.10; QT, 79.70±15.49; PX, 71.30±12.59; post: PLA, 64.14±10.81; QT, 75.86±20.28; PX, 

67.41±10.44). 

 

Bayesian analysis 

After obtaining negative results using classical inference statistics, we performed Bayesian 

repeated measures ANOVA and Bayesian paired-sample t-tests for both sequences and all HRF-

models in the primary visual cortex. Bayesian repeated measures ANOVA yielded BF10 values 

ranging from 0.148 to 0.324 for TR=2000ms and from 0.163 to 0.414 for TR=500 ms. Bayesian 

paired-sample t-tests yielded BF10 values ranging ftom 0.249 to 0.650 for TR=2000 and from 

0.249 to 0.711 for TR=500 ms. All analyses yielded no BF10 factor >1 (in terms of favoring the 

dopamine model H1 over the null hypothesis H0). All results are presented in more detail in 

supplementary Table ST3. 

 

 

  



Supplementary discussion  

 

Theoretical considerations 

Dopamine is mainly produced within three major mesencephalic groups: A8 cells in the 

retrorubral field, A9 cells in the substantia nigra (SN) and A10 cells in the ventral tegmental area 

(VTA) (Arsenault et al., 1988; Dahlström et al., 1964; German et al., 1993). In addition, less 

dense aggregations of DA neurons are found in the supramammillary region of the 

hypothalamus, the dorsal raphe and the periaqueductal gray (Swanson, 1982). The 

mesencephalic DA cell groups project largely to regions in the diencephalon, such as the 

mammillary body, to subcortical structures including the nucleus accumbens, ventral pallidum 

and the amygdala as well to cortical regions, such as the anterior cingulate cortex and the 

prefrontal cortex, while projections to sensory areas of the brain are (Alcaro et al., 2007). This 

pattern of innervation agrees with DA’s primary role in motivational and reward-related and 

higher cognitive functions, rather than in basic sensory processes. However, cortical regions 

associated with higher cognitive control, such as the prefrontal cortex, are thought to modulate 

signals in sensory cortices through top-down attention (Miller et al., 2001). 

Noudoost and colleagues altered D1 receptor-mediated activity in the frontal eye field 

of the prefrontal cortex of macaques through local application of SCH23390, a D1 receptor 

agonist, and, in comparison, application of quinpirole, a D2 receptor agonist, and measured the 

differential effect on the responses of neurons in area V4 of the visual cortex (NoudoostMoore 

et al., 2011). Both interventions resulted in comparable increases in saccadic target selection, 

whereas only agonism at the D1 receptor enhanced visual response magnitude and reliability 

of V4 visual responses to an extent comparable with the known effects of top-down attention. 

These result suggested  that D1 receptors play an important role in the mediation of control of 

visual cortical signals by the prefrontal cortex, whereas the lack of effect due to D2 agonism 

might be explained by the relative absence of D2 receptors in superficial layers of the prefrontal 

cortex (Lidow et al., 1991) . This observation is further supported by a recent study by Yousif 

and colleagues, who demonstrated that focal disruptions of visual perception induced via 

transcranial magnetic stimulation (TMS) applied to the visual cortex were counteracted by the 

systemic administration of pergolide, a D1 and D2 receptor agonist, but not by cabergolide, a 

selective D2 receptor agonist (Yousif et al., 2016). 

In a recent study, Zaldivar and colleagues evaluated the effect of systemic and local 



dopaminergic neuromodulation on visual-cue evoked neuronal activity in terms of 

electrophysiological parameters, CBF and BOLD imaging in the primary visual cortex (V1) in non-

human primates using fMRI at ultra-high field strength (7T) (Zaldivar et al., 2014). In particular, 

anesthetized macaques viewed a rotating checkerboard stimulus during either systemic 

administration of L-DOPA/Carbidopa (LDC) or local injection of DA in V1. Systemic 

administration of LDC resulted in increased signal-to-noise ratio (SNR) and electrophysiological 

amplitude of neuronal responses to visual stimuli. Furthermore, cerebral blood flow (CBF) 

increased, while the measured BOLD-signal decreased, suggesting that DA administration 

might result in a disproportionate increase of energy metabolism (i.e. O2 consumption) relative 

to the increasing CBF, which might explain the decreased BOLD signal. Interestingly, local 

application of DA in V1 had no effect on neural activity, CBF or BOLD signal, further supporting 

the notion that potential dopaminergic effects on neuronal activity in the visual cortex might 

rather be caused by cortical long-range interactions, which might at least partially even be 

present during anesthesia (Zaldivar et al., 2018) . This notion is further supported by a recently 

reported work by Zaldivar and colleagues, in which they investigated the effect of dopaminergic 

neuromodulation via injection of L-DOPA on oscillatory cortical activity by recording local field 

potentials (LFP) at different depths of primary visual cortex (V1) in anesthetized macaques, 

both during spontaneous activity and during visual stimulation.  In particular, they found that 

endogenous oscillations in the mid-rangeband capture dopamine changes and that dopamine 

enhances the visual information carried by the gamma band in the output cortical layers, most 

likely particularly the supragranular layers, suggesting that dopaminergic modulation might 

strengthen the transmission of information from primary to higher areas (Zaldivar et al., 2018). 

It is important to note that dopaminergic receptor subtypes are expressed 

heterogeneously throughout the brain. While Zaldivar and colleagues used L-Dopa/LDC, which 

is an agonist for DA receptors of the D1- and D2-like family, PX is a selective agonist for the D2-

like family only, particularly of the D3 receptor and QT an antagonist of the D2-like family 

(Michels et al., 2016). However, the D2-like family is expressed in the visual cortex only scarcely 

(Lidow et al., 1991), while the mediation of control over visual cortical signals seems to be 

mediated primarily by DA receptors of the D1-family located in the prefrontal cortex 

(NoudoostMoore et al., 2011), explaining that local application of DA to the occipital cortex 

yielded no BOLD-signal changes (Zaldivar et al., 2014). To this end, reliable high-resolution in 

vivo atlases of the human brain`s DA system are desirable to further facilitate the interpretation 



of the presented results (Beliveau et al., 2017). Until available, future studies should endorse a 

multimodal approach enriching fMRI analyses with molecular data of distribution of distinct 

receptor systems across the brain to integrate the available knowledge and address the 

important interaction between molecular und functional effects (Dipasquale et al., 2019; 

Dipasquale et al., 2020). Therefore, our findings should be interpreted with caution until 

replicated accordingly. 

 

Dopamine neurotransmitter dynamics and hemodynamic response – how to investigate a black 

box? 

In general, the mechanisms by which dopaminergic uptake and release may induce the release 

of vasoactive substances remains poorly understood (Jenkins, 2012). In the absence of known 

voltage-gated vascular receptors, recent insights on the mechanisms of DA pathways suggest 

a complex pattern between tonic and phasic dopaminergic states as a possible candidate for 

the modification of vascular tone (Bruinsma et al., 2018). Furthermore, individual effects and 

interactions with different DA receptor families, brain areas, other neurotransmitters, and 

vasoactive substances or metabolites (such as NO or K+/H+, CO2) are strongly affecting the 

local hemodynamic response (Bruinsma et al., 2018). In the current study, we investigated 

potential effects on the HRF via task-based fMRI only, i.e. we investigated the BOLD-signal 

during a certain stimulus while the dopaminergic neuromodulators were under effect. The 

absence of a positive finding does therefore not exclude that it might rather reflect a mutual 

neutralization of different effects which is only representative for the exact investigated 

conditions. In order to disentangle certain specific parts of this black-box, new multi-modal 

study approaches are mandatory. For instance, presynaptic portions of the overall effect might 

be measurable using optogenetics, which enable to detect changes in BOLD activity through 

cell specific stimulation and to combine this information with electrophysiological 

measurements (albeit in preclinical settings only) (Albaugh et al., 2016). Furthermore, post-

synaptic effects might be detectable by combining both electrical stimulation of specific 

pathways and fMRI: Administering receptor modulators along the stimulated pathway may 

enable the evaluation of receptor specific contribution of the BOLD signal (Ross et al., 2016). 

Moreover, the application of brain circuit-specific drugs in combination with BOLD 

measurements would limit the contribution of pre-synaptic effects and therefore yield a clearer 

approximation of post-synaptic contributions on a larger scale (Kim et al., 2014). Finally, other 



imaging modalities, such as MR arterial spin labelling (ASL) or PET studies might provide further 

information uncovering the intricate relationship between local metabolism, cerebral blood 

flow and BOLD fMRI in the visual circuitry (Michels et al., 2016). While the discussed approaches 

are readily available and broadly used in the scope of preclinical studies, future methodological 

research is needed to expand the utility of combining these technologies in study participants 

in a non-invasive way in vivo to better understand the effects of dopaminergic agents on the 

BOLD signal as measured via fMRI (Bruinsma et al., 2018). 

 

Methodological considerations and limitations. 

We acknowledge the following important considerations or limitations: (i) Drug selection: 

According to a concept proposed by the neuroscience based nomenclature taskforce (Nutt et 

al., 2016), the drugs were selected based on pharmacological domain, mode of action, 

approved indication, side effects, and practical considerations. Here, we chose PX and QT 

because both substances are used in the treatment of depressive symptoms, despite their 

opposing dopaminergic effects. (ii) Drug dosage. The dosages of both PX and QT had been 

tested in pilot measurements in order to avoid side effects, including sedation, nausea and 

dizziness. While the receptor occupancy of PX is not assumed to increase with higher dosages, 

studies suggest that the dopaminergic effect of QT increases with increased dosage (Nemeroff 

et al., 2002). However, recent studies demonstrated relevant DA D2 receptor occupancy of QT 

even at low plasma levels in healthy individuals (Nord et al., 2011). (iii) Drug specificity. While 

PX is a selective DA D2 receptor agonist, QT shows also affinity for the 5-HT2A receptor as well 

as noradrenergic and histaminergic (Michels et al., 2016). However, given the lack of an 

(bidirectional) impact for both QT and the more specific PX on the BOLD signal in the visual 

cortex (as expected when administering drugs, which are challenging a distinct neurochemical 

system in terms of opposite directions), additional effects through other neurotransmitter 

systems seem unlikely. It is to note however, that due to a relevant overlap of different 

neurochemical systems, it has to be considered as very challenging to achieve a certain degree 

of specificity on a systemic level, particularly when investigating visual stimulus-induced BOLD-

signal properties. (iv). Lack of baseline scan. The current study was performed in a single-blind, 

randomized, crossover design, where the drugs have been administered 1 to 1.5 hours before 

each of the scan sessions. Therefore, no baseline scan could be performed immediately before 

the visual task. This might hamper the sensitivity of the current study, since a recent study 



reported increased sensitivity after solely analyzing changes in each individual HRF after 

ingestion of ethanol relative to the mean baseline of each subject, which has been assessed 

directly before ethanol ingestion (Luchtmann et al., 2010). Despite the interval of about 7 days 

between the sessions, the placebo session could theoretically serve as baseline, although with 

some possible confounders due to technical and physiological reasons. (v). Limited field of 

measurement. For technical reasons (use of a very short TR) this study only investigated parts 

of the brain with a focus on the visual pathway, but not including, for instance, the prefrontal 

cortex. Additional systematic whole brain studies on variations of the HRF across different brain 

areas are needed. (vi) Lack of connectivity measures. Previous human studies showed profound 

effects of dopaminergic neuromodulation on resting state functional connectivity (Cole et al., 

2013; Nagano-Saito et al., 2008). However, the scope of the current manuscript was to 

investigate the potential effect of dopaminergic modulation on distinct properties of the HRF 

(i.e. the shape) within the visual system when stimulated with a visual paradigm. The presented 

results might inform future studies investigating potential associations between functional 

connectivity measures, HRF and dopaminergic neuromodulations in vivo. (vii) Lack of 

electrophysiological measures. In theory, our results might also be explained by the absence of 

an electrophysiological response in the visual cortex to the displayed stimulus. For example, Li 

and colleagues recorded in a preclinical study spatial and temporal dynamics of blood and 

tissue oxygen (TO2) at high temporal resolution of 1 millisecond together with LFPs in several 

layers of the whisker region of the somatosensory cortex in rats and found a bi-directional 

layer-dependent response pattern of positive and negative TO2 responses to whisker 

stimulation (Li et al., 2011). Although the translation of preclinical methods into clinical studies 

performing imaging in human volunteers in vivo is challenging, future MRI studies should also 

assess electrophysiological measures in order to capture as many BOLD-related parameters as 

possible.  

 

Implication for future research 

Although a vast number of neuroimaging studies are investigating populations characterized 

by disease-specific dopaminergic dysfunction and/or drug-induced dopaminergic modulation, 

it is still unclear to which extent findings can be explained by DA-induced alterations of 

neurovascular coupling, which might potentially result in different characteristics of the BOLD-

signal. Furthermore, to date most reported studies apply the canonical HRF, which is supposed 



to model the BOLD-signal adequately under physiological conditions, although it is still unclear 

whether alternative HRFs might be necessary to model neuronal activity under dopaminergic 

modulation in a more reliable way. Our results provide a hint that DA D2R agonism induced by 

pramipexole and antagonism induced by quetiapine might not have a readily/easily detectable 

impact on measured stimulus-induced BOLD-signal in the visual cortex as estimated by applying 

the canonical as well as several alternative HRFs in standard fMRI study setups. However, as 

discussed above, these findings should be interpreted with caution until replicated using a 

multimodal approach additionally integrating neurophysiological/molecular parameters in 

human volunteers in vivo.  
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