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A B S T R A C T

Mapping the activity of the human mesolimbic dopamine system by BOLD-fMRI is a tempting approach to non-

invasively study the action of the brain reward system during different experimental conditions. However, the

contribution of dopamine release to the BOLD signal is disputed. To assign the actual contribution of dopami-

nergic and non-dopaminergic VTA neurons to the formation of BOLD responses in target regions of the meso-

limbic system, we used two optogenetic approaches in rats. We either activated VTA dopaminergic neurons

selectively, or dopaminergic and mainly glutamatergic projecting neurons together. We further used electrical

stimulation to non-selectively activate neurons in the VTA. All three stimulation conditions effectively activated

the mesolimbic dopaminergic system and triggered dopamine releases into the NAcc as measured by in vivo fast-

scan cyclic voltammetry. Furthermore, both optogenetic stimulation paradigms led to indistinguishable self-

stimulation behavior. In contrast to these similarities, however, the BOLD response pattern differed greatly be-

tween groups. In general, BOLD responses were weaker and sparser with increasing stimulation specificity for

dopaminergic neurons. In addition, repetitive stimulation of the VTA caused a progressive decoupling of dopa-

mine release and BOLD signal strength, and dopamine receptor antagonists were unable to block the BOLD signal

elicited by VTA stimulation. To exclude that the sedation during fMRI is the cause of minimal mesolimbic BOLD in

response to specific dopaminergic stimulation, we repeated our experiments using CBF SPECT in awake animals.

Again, we found activations only for less-specific stimulation. Based on these results we conclude that canonical

BOLD responses in the reward system represent mainly the activity of non-dopaminergic neurons. Thus, the minor

effects of projecting dopaminergic neurons are concealed by non-dopaminergic activity, a finding which high-

lights the importance of a careful interpretation of reward-related human fMRI data.

Introduction

The ventral tegmental area (VTA) is a major source of dopamine in

the brain and as central part of the mesolimbic dopamine system

involved in learning, reward processing, addiction and motivation

(Ungless et al., 2010; Volman et al., 2013; Wise and Koob, 2014). Even

though the anatomical connections of the VTA have been broadly studied

(Beier et al., 2015; Hnasko et al., 2012; Li et al., 2009; Sanchez-Catalan

et al., 2014; Taylor et al., 2014; Walsh and Han, 2014; Yetnikoff et al.,

2014), and the association of dopaminergic projections from VTA to

nucleus accumbens with reward prediction error has been established

(Beier et al., 2015; Schultz et al., 1997; Steinberg et al., 2013), the effects

of VTA dopamine release on neurovascular responses at the whole brain

level remain highly controversial (Decot et al., 2016; Ferenczi et al.,

2016; Helbing et al., 2016; Lohani et al., 2016). In case of the VTA it is

particularly difficult to infer resulting neurovascular effects from

anatomical connections, as dopamine is a neuromodulator with a

multitude of functionally different receptors (Sokoloff et al., 1988). In

addition, the connections of the VTA are widespread, targeting areas

which are mutually interconnected, and often not exclusive for one
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neurotransmitter (Beier et al., 2015). Nonetheless, since the VTA with its

dopaminergic projections to nucleus accumbens (NAcc) plays such a

central role for behavior, their activity and functional connectivity have

been subject to numerous human fMRI studies. BOLD responses in these

areas are often interpreted as a signal of reward related dopamine release

(Honey et al., 2003; Knutson and Gibbs, 2007; Kufahl et al., 2005; Schott

et al., 2008; Vytlacil et al., 2014). If nucleus accumbens BOLD responses

indeed faithfully report this activity, fMRI would provide an invaluable

tool to non-invasively study human reward processing.

As a relatively new method, optogenetics allows selective activation

of dopaminergic VTA neurons, which in principle permits directly testing

this link between VTA dopamine release and BOLD. Unsurprisingly,

several studies have addressed the issue recently (Ferenczi et al., 2016;

Helbing et al., 2016; Lohani et al., 2016). First, results showed significant

BOLD signal changes in response to optogenetic VTA stimulation but the

magnitude of the BOLD response was low. Here, we thus ask the question

of how these signals correspond to reward-related, canonical BOLD sig-

nals observed in humans.

We tested three stimulation paradigms, differing in their specificity

for dopaminergic neurons in the VTA: electrical VTA stimulation, ‘less-

specific’ optogenetic VTA stimulation targeting CamKIIa-positive VTA

neurons, comprising both glutamatergic and dopaminergic cells (Guo

et al., 2014) and ‘specific’ optogenetic stimulation of dopaminergic

neurons in Th-Cre rats. Using a dopamine receptor antagonist we further

tested a possible contribution of dopamine to stimulus induced BOLD

signal changes seen during less-specific stimulation. We also quantified

the release of dopamine using fast scan cyclic voltammetry (FSCV) in the

different paradigms and tested the animals in an optogenetic intracranial

self-stimulation paradigm (optoICSS) to confirm the behavioral equiva-

lence of the two optogenetic stimulation paradigms and underlying

dopamine release.

In contrast to human fMRI studies, animal fMRI studies are often

performed under sedation or anesthesia (Lohani et al., 2016). We

therefore complemented our fMRI measurements, which were performed

under sedation, with a novel technique for SPECT imaging of regional

cerebral blood flow in awake, freely moving animals (rCBF SPECT;

Kolodziej et al., 2014; Vincenz et al., 2017) to exclude sedation-related

effects.

Materials and methods

Subjects

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)3.1Deis; Witten et al., 2011) were used in the opto-

genetic experiments. Electrical stimulation data was acquired in Wistar

rats. The experiments were performed according to EU Directive

2010/63/EU for animal experiments and approved by the local ethical

committee.

Viral vectors and stereotactic surgery

In this study, the following types of viral vectors were used: AAV2/5-

CamKIIα-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-CaMKIIα-EYFP for WT controls. The

CamKIIa-promoter targets a mixed population of VTA neurons, which are

predominantly dopaminergic, but not exclusively so (Guo et al., 2014;

Helbing et al., 2016). In transgenic animals, selectivity is provided by the

expression of Cre-recombinase under the Th-promoter, which is excep-

tionally specific in the used rat strain (Witten et al., 2011). The two

different opsins were used due to their ability to match self-stimulation

rates across groups and for consistency with previous work (Helbing

et al., 2016). Viral solutions were kindly provided by Karl Deisseroth

through the Viral Vector Core of the University of North Carolina.

For virus injection and optical fiber implantation animals were

anesthetized with pentobarbital (50mg/kg) and fixed in a robotic ste-

reotaxic instrument (Neurostar). Two injections of 650 nl viral solution

(2� 10E12 gc/ml) each were conducted unilaterally in the left VTA

(�5.8mmAP,�0.7mmML, 7.2mm for the first injection and 7.6mm for

the second injection DV, speed 100 nl/min, 5–10min rest after injection).

We chose unilateral stimulation to allow detecting contralateral effects of

stimulation, which might be opposed in sign to ipsilateral effects. A

custom-made optical fiber (200 μm core diameter, N.A. 0.39) was

implanted above the injection sites (6.8mm DV). Rats were given at least

three weeks to recover and to express the virus.

Implantation of the electrodes

Electrical VTA stimulation was performed as previously described

(Helbing et al., 2016). Briefly, rats were deeply anesthetized with

pentobarbital (40 mg/kg, i.p.) and placed in a stereotactic frame. For

electrical stimulation, a bipolar stimulation electrode was implanted in

the VTA (coordinates: AP -5.6 mm, ML þ2.3 mm from Bregma, DV

7.8 mm from dural surface angled 10� to the midline). During implan-

tation, brief stimulation bursts (10 pulses, ISI 10ms, 300 μA) were

delivered and the electrode placed in a location, where it evoked clear

whisker movements (Kunori et al., 2014; Solt et al., 2014; Taylor et al.,

2016). Following surgery, animals were provided with ad libitum food

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

ICSS

To confirm correct fiber placement, animals were trained in an

intracranial self-stimulation (ICSS) paradigm for 10 consecutive days

(30min/day). Upon pressing the nosepoke lever, the rat received a brief

train of laser light pulses (10 pulses, 25 Hz, 10ms pulse width, 10mWat

the tip of the fiber, WT: 532 nm, Th-Cre: 473 nm). Animals that did not

reach 400 presses per session after 10 days were not used further in the

study. This approach avoids false negative results, since substantial

dopamine release was present in each scanned animal.

fMRI

MRI in combination with optogenetic or electrical stimulation of the

VTA was performed as previously described (Helbing et al., 2016). 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 anes-

thesia was switched to deep sedation by application of medetomidine

(Dorbene, Pfizer GmbH, bolus: 50 μg/kg s.c. and after 15min 100 μg/kg

per h s.c.; (Weber et al., 2006). Breathing, heart rate and oxygen satu-

ration 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 4.7T Bruker Biospec 47/

20 animal scanner (free bore of 20 cm) equipped with BGA09 (400mT/

m) gradient system (Bruker BioSpin GmbH, Ettlingen, Germany). A

50mm Litzcage small animal imaging system (DotyScientific Inc., Co-

lumbus, SC, USA) was used for the RF signal reception.

Anatomical T2-weighted spin-echo images were obtained using a

rapid acquisition relaxation enhanced (RARE) sequence with the

following parameters: TR 4000ms, TE 15ms, RARE factor 8, 10 hori-

zontal slices, slice thickness 0.8mm, FOV 37� 37mm, matrix

256� 256, number of averages 4. The total scanning time was 8min 32 s.

Functional MRI (fMRI) was performed using a gradient-echo EPI (echo

planar imaging) sequence with the following parameters: TR 2000ms, TE

24ms, matrix 92� 92. The slice geometry, i.e., ten horizontal slices, was

identical to the previously obtained anatomical spin-echo-images.
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Optogenetic stimulation

Every stimulation protocol was preceded with 2min baseline acqui-

sition, 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, 10ms,

10mW, 532 nm in case less-specific stimulation, 473 nm in case of spe-

cific stimulation and EYFP control rats), spaced 1 s apart and followed by

52 s of rest. This sequence was repeated 15 times for each animal. Total

scanning time was therefore 17min. For the fMRI measurements 11 WT,

10 Th-Cre and two control animals were used.

Electrical stimulation

During fMRI the VTA was stimulated with discontinuous 100Hz

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 (Fig. 1 D). The applied stimulation protocol consisted of 10

consecutive stimulation trains, given every minute after the 2-min

baseline. The pulse intensity for the VTA stimulation was set to 300 μA,

which did not cause clear stimulus-dependent movements of the head.

Pharmacological interference

To test the influence of the dopamine D1/5 receptor blockade on the

formation of BOLD response during optogenetic stimulation, the dopa-

mine D1/5-receptor antagonist SCH23390 was injected intraperitoneally

30min prior to stimulation and scanning (0.2mg/kg). This dose was

selected to minimize off-target effects of the drug at vascular monoamine

receptors (Ohlstein and Berkowitz, 1985) and, when systemically

applied, to be still sufficient to affect dopamine-related spontaneous

theta burst activity (Fitch et al., 2006) or cocaine-induced changes in

rCBV (Marota et al., 2000). The stimulation and scanning followed the

standard protocol described above.

Data processing and analysis

The fMRI data was analyzed in BrainVoyager QX2.6.1 (Brain Inno-

vation, Maastricht, the Netherlands). A standard sequence of pre-

processing steps, including slice scan time correction, 3D motion

Fig. 1. A: Self-stimulation setup. The animal has access to a self-stimulation nose poke lever. Upon pressing this lever, a computer delivers a train of laser light pulses.

The DPSS laser is kept in CW mode and optically shuttered to ensure precise optical pulse power. B: Setup for optogenetic stimulation during fMRI. The animal is

sedated and placed in the fMRI scanner. Light delivery is achieved through the same optical setup used for self-stimulation. A custom-made light coupler is used to

guide the light into the narrow volume coil without excessive fiber bending. A microscopic prism is used to deflect the light 90� into the fiber implant of the animal. C:

ICSS training results. Animals acquired self-stimulation similarly for specific optogenetic stimulation as well as less-specific stimulation. D: fMRI and SPECT opto-

genetic pulse sequence. Stimulation consists of 8 bursts of light each containing 10 pulses delivered at 25 Hz, spaced 1 s apart and followed by 52 s of no stimulation.

The sequence is repeated once per minute for 15 times (fMRI) or 10 times (SPECT).
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correction (trilinear interpolation and reduced data using the first vol-

ume 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� 128 voxels per slice

and spatially smoothed (Gaussian filter of 1.4 voxel). Functional activa-

tion 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 (see above).

To calculate the predictor, the square wave representing stimulus on and

off conditions was convolved with a double gamma HRF (onset 0s, time

to response peak 5s, time to undershoot peak 15s). Based on this multi

subject GLM (general linear model) analysis the appropriate activation

map could be generated. All significantly activated voxels were con-

verted into volumes of interest (VOI), from which surface clusters were

created and visualized with the BrainVoyager VOI analysis tool. To

exclude false positive voxels, we only considered those with a signifi-

cance 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 uncor-

rected p value of 0.01 (which corresponds to a t value greater than 3.2).

Averaged BOLD time series of individual clusters of activation are sum-

marized in Fig. 2.

In addition a volume of interest (VOI) analysis was performed. Indi-

vidual VOIs, 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 in-

dividual 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 VOIs

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 8s, which corresponds

to four frames) and the following 15 frames (8s–38s) 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 signalstimulus/BOLD signalbaseline� 100%), each BOLD response

was related to BOLD signal intensities of the stimulus over the preceding

12s.

Second-level group analysis

To visualize significant differences in BOLD responses between the

control and SCH23390 treated rats, a fixed effect analysis with a general

linear model (GLM)—including z-transformed functional data of all

animals—was performed using the 2-gamma response function imple-

mented in BrainVoyager™QX. Correction for serial correlation was per-

formed using a second order autoregressive model (Goebel, 2012). To

Fig. 2. BOLD response pattern during electrical and optogenetic stimulation of the VTA. A: Spatial distribution of significantly activated voxels. Electrical stimulation

and less-specific optogenetic stimulation of the VTA caused widespread BOLD responses in various brain regions. Specific optogenetic stimulation of VTA dopami-

nergic cells only led to minor BOLD responses, mainly in the tectal area. Responses in reward related areas were only detectable if the statistical threshold was lowered

and no correction for multiple testing performed (right panel). B: Magnitude of BOLD responses in individual brain structures (i.e., volumes of interest VOI). BOLD

time series in selected VOIs are shown averaged across all voxels and repetitions (gray bar: stimulation duration).
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visualize regions that were affected in their activities after application of

a dopaminergic antagonist, differences in BOLD signal intensities be-

tween the two conditions (i.e., control> SCH23390 treated) were

computed (t� 5.2; Bonferroni P value: 0.01; cluster threshold

0.15mm3). All significantly activated voxels were converted into vol-

umes of interest (VOI), from which surface clusters were created and

visualized with the BrainVoyager VOI analysis tool.

SPECT-imaging of regional cerebral blood flow

Following fMRI scans, animals were implanted with a silicon catheter

in the right external jugular vein (Gaudig Laborfachhandel GbR, Sülzetal-

Osterwedding, Germany; OD: 1.3mm, ID: 0.5 mm, catheter length

11 cm). Catheter lock solution (Cath-Loc HGS, SAI Infusion Technologies,

USA) was injected into the catheter to prevent clogging. The animals

were given at least one day to recover from surgery before the SPECT

measurements. 9 WT and 9 Cre rats, which previously underwent the

fMRI experiment, were used (3 animals were excluded due to catheter

block). For each animal, a baseline and stimulation measurement was

performed.

Animals were awake during the injection of the radioactive tracer

(250 MBq of 99mTc-HMPAO in 400 μl volume, for details see 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 resembling the self-

stimulation chamber.

The optical stimulation protocol was similar to the protocol used

during fMRI but contained 10 instead of 15 repetitions following previ-

ous protocols (Kolodziej et al., 2014) with tracer-injection times of

10min. After these 10min, rats were anesthetized with isoflurane and

scanned in a small animal SPECT scanner (NanoSPECT/CT, Mediso,

Hungary). Images were reconstructed at an isotropic voxel size of

333 μm. In addition to SPECT, CT scans (45 kVp, 177 μA, 180 projections,

500ms per projection) were acquired from the same FoV as

SPECT-images and reconstructed at an isotropic voxel size of 200 μm.

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 μm isotropic voxel sizes. SPECT-brain data were manually

segmented using a whole-brain VOI with the Osirix™ software (Pixmeo,

Switzerland), version 5.7.

SPECT data sets were intensity-normalized to the same global mean.

For statistical analysis, voxelwise paired t-tests were performed. The

resulting P-maps were smoothed with a median filter using a 3� 3� 3

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.

Fast-scan cyclic voltammetry (FSCV)

Rats were anesthetized with urethane (1.6 g/kg i.p.) and placed in the

stereotactic frame. We used 3 animals for less-specific stimulation and 4

for specific stimulation. A carbon fiber working electrode was lowered

into the right NAcc (shell) (AP: þ1.6 mm, ML: þ2.2 mm from bregma,

DV: 7.0–7.5 mm from the dural surface) and recording was 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, 10ms, 10mW, 532 nm in case of less-specific stimu-

lation, 473 nm in case of specific stimulation).

Fast-scan cyclic voltammetry (FSCV) was performed with polymer-

encased carbon fiber electrodes (7 μm diameter, ~100 μm length;

Toray Carbon Fibers America, Inc., Santa Ana, CA, USA) as an acute

procedure. The Ag⁄AgCl reference electrode was prepared from silver

wires (0.5mm diameter, Sigma-Aldrich, St Louis, MO, USA) chloridized

in 0.1M HCl. All cyclic voltammograms were obtained with a triangular

waveform (scan rate: 10 Hz, resting potential: � 0.4 V, switching po-

tential: 1.2 V, 400 V/s, 1000 samples per scan). Waveform generation

and data collection were performed with the Invilog Voltammetric Sys-

tem and Software (Acquisition and Stimulation A&S, Invilog Research

Ltd, Kuopio, Finland) and analyzed by a Fast Cyclic Voltammetry Anal-

ysis (FSV Analysis, Invilog Research Ltd, Kuopio, Finland) tool, which

integrates FSCV and displays electrochemical measurements on a base

station computer.

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 μM

values of dopamine concentration. Therefore, the peak oxidation cur-

rents for dopamine in each voltammogram (at approximately 0.6 V) were

converted into concentration from a post-experiment calibration against

fresh solutions of 0.1–2 μM dopamine.

Histology

Rats were perfused transcardially and the brain was sectioned on a

vibratome or cryostat. Fiber placement and viral expression were

confirmed under a confocal microscope. Primary antibody against tyro-

sine hydroxylase (1:1000 rabbit anti-TH, Milipore) and fluorescent

(Alexa 546, Molecular Probes) secondary anti-rabbit antibody were used

to stain for dopaminergic cells. The locations of fiber tips in individual

animals are shown in Fig. S3. In three exemplary animals the fraction of

dopaminergic (Th-expressing) and non-dopaminergic construct express-

ing cells were counted using the ImageJ cell-counting plugin (Fig. S4).

Results

Intracranial self-stimulation is acquired at comparable levels in groups

receiving less-specific and dopamine specific optogenetic stimulation

In order to exclude strong differences in the behavioral impact of

different optogenetic stimulation, we quantified the rewarding effects of

stimulation using optogenetic intracranial self-stimulation (optoICSS).

Two groups of animals were used: (A) a dopamine specific paradigm, in

which channelrhodopsin is expressed exclusively in dopaminergic VTA

neurons of Th-Cre rats and (B) a less-specific paradigm, in which chan-

nelrhodopsin is expressed under the CamKIIa-promoter and hence in a

mixed population of the VTA neurons, comprising dopaminergic and

glutamatergic cells, in wild-type littermates. Animals were placed in the

self-stimulation chamber for 30min once per day (Fig. 1 A), where they

could evoke optical VTA stimulation by pressing a nose poke (25 Hz,

10ms per pulse, 10mW intensity at the tip of the fiber). ICSS mean press

rates for the both groups of animals were not significantly different

(Wilcoxon rank sum test on the means over consecutive days, p¼ 0.375)

and also the time course of acquisition was remarkably similar between

them (Fig. 1C). This finding confirms that the two optogenetic paradigms

had a similar appetitive behavioral impact despite their differing

specificities.

Only less-specific VTA activation causes widespread BOLD responses in the

rat brain

Animals in all three groups, two optogenetic and one electrical group,

were subjected to identical fMRI measurements. In electrically stimu-

lated animals, BOLD signal intensity changes were present in multiple

regions such as the ipsilateral VTA/substantia nigra, prefrontal cortex,
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anterior cingulate cortex, inferior colliculus and thalamus (Fig. 2 A). The

magnitude of BOLD changes in these areas was the highest among all

groups. Of note, nucleus accumbens did not show a clear BOLD response

to stimulation.

Less-specific optogenetic VTA stimulation also elicited detectable

BOLD responses in the same structures which were activated by electrical

stimulation (Fig. 2 A, B). However, the magnitude of BOLD responses was

lower compared to electrical stimulation. Similar to our previously re-

ported findings on electrical VTA stimulation (Helbing et al., 2016), the

activity induced by less-specific stimulation was not attenuated in the

presence of the dopamine D1/5 receptor antagonist SCH23390 as

confirmed by a second-level analysis (Fig. S1).

In stark contrast to electrical and less-specific stimulation, we found

only weak BOLD responses in the group with specific stimulation. Sig-

nificant responses were absent in the aforementioned reward-related

areas and only some activity was present in the tectal region, an area

not associated with reward processing (Fig. 2 A). This finding is in

apparent contrast to results from other groups (Ferenczi et al., 2016;

Lohani et al., 2016) but confirms our previously reported observations

(Helbing et al., 2016). To resolve this discrepancy, we repeated our

analysis with a reduced statistical threshold and without correction for

multiple comparisons (Fig. 2 A, right panel). Under these circumstances

we found significant activations in the ipsilateral nucleus accumbens, the

dorsal striatum and the mentioned tectal activation.

In EYFP control animals (n¼ 2), almost no activity was present. A

weak increase of BOLD signal was only evident in a small part of the

thalamus. This region corresponds to an area which also became active in

the specific stimulation paradigm, but the magnitude of the response was

lower. It is likely, that the activation is due to visual stimulation from

unavoidable stray light.

Strong dopamine release in NAcc evoked by optogenetic VTA stimulation

While the behavioral equivalence of both optogenetic stimulation

groups indicates a similar level of appetitive dopamine release, the time

course of the release remains unknown.We therefore performed fast-scan

cyclic voltammetry (FSCV) in optogenetically stimulated animals. In both

groups (less-specific and specific stimulation) we found significant

dopamine release in NAcc (Fig. 3 D). The release faithfully followed

stimulation and did not lead to depletion of release or sustained high

Fig. 3. Time course of BOLD responses and dopamine release. A: Temporal variation of stimulus-induced BOLD during ten consecutive stimulation trains in different

activity clusters. Cluster 1: dorsal midbrain and tectum; cluster 2: ventromedial hypothalamic nucleus; cluster 3: prelimbic, infralimbic cingulate and dorsal

peduncular cortex; cluster 4: part of dorsal striatum on ipsilateral side, cluster 5: ipsilateral VTA/substantia nigra. B: Temporal variations in BOLD signals in the

ipsilateral nucleus accumbens (VOI analysis) during ten consecutive stimulation trains. C: FSCV of dopamine release into the contralateral nucleus accumbens during

consecutive stimulation trains of the VTA in less-specific condition (n¼ 3, blue graph) and dopamine specific condition (n¼ 4, red graph). D: FSCV recordings in the

contralateral nucleus accumbens during two consecutive stimulation periods. Please note the difference in scale bars, which is due to limitations in the used

FSCV software.
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levels of dopamine for at least ten consecutive stimulation trains, a pre-

requisite to detect associated BOLD signal changes (Fig. 3C).

Temporal dissociation between DA-release and BOLD signal

As described above, no canonical BOLD signal was elicited by specific

stimulation but less-specific stimulation elicited a clear response

throughout the brain. However, we found a strong decline in this

response over consecutive stimulation trains (Fig. 3 A, Fig. S2). After

approximately six repetitions, BOLD responses dropped below statistical

threshold (Fig. S2). Responses around the stimulation site and in the

tectal region were most stable, while responses in NAcc and mPFC

declined first. This adaptation was not mirrored by the amount of

dopamine releases in the NAcc over repeated stimulation trains as

measured by FSCV (Fig. 3C). While the first two stimulation repetitions

showed a small decline in release quantity, release was stable throughout

remaining stimulation trains, both in the specific and less-specific para-

digm. Thus, there exists a temporal dissociation between the strength of

neurovascular responses and concurrently induced dopamine releases.

SPECT images of rCBF in awake animals mirror fMRI results

We used medetomidine for sedation during fMRI measurements. The

neuronal activity patterns may thus differ from the awake state. To test

the influence of our fMRI sedation protocol on stimulus-induced neuro-

vascular responses to optogenetic stimulation, we employed 99mTc-

HMPAO SPECT.

Using a protocol with continuous intravenous tracer-injection during

ongoing behavior (Kolodziej et al., 2014) this approach allows obtaining

images of spatial patterns of the regional cerebral blood flow in awake

animals. 99mTc-HMPAO is a lipophilic compound that accumulates in the

brain in a flow-dependent manner. After passing the blood-brain barrier,

the compound is rapidly converted to a hydrophilic compound that re-

mains trapped in the brain and shows no redistribution. Similar in

rationale to 18F-FDG-PET (Endepols et al., 2010) the distribution of the

trapped tracer can be determined in anesthetized animals after stimula-

tion. The images represent the spatial patterns of the average cerebral

blood flow during the period of tracer-injection.

We performed the SPECT experiments on the same animals that were

used during fMRI imaging to allow for a direct comparison. Similar to the

results from fMRI, less-specific stimulation caused increased rCBF in the

Fig. 4. rCBF SPECT imaging of optogenetic VTA stimulation

in awake animals. Shown are maps of significant increases

(red to yellow) and decreases (blue to violet) in uptake of the

blood flow tracer 99mTcHMPAO under stimulus vs. baseline

conditions, overlaid on a structural MR image and micro-CT

(green). Tracer uptake increases significantly in the accum-

bens nucleus ipsilateral to the stimulation site during less-

specific but not dopamine-specific stimulation (B,C).

Furthermore, less-specific stimulation induces an increase in

rCBF at the stimulation site (E). Marked with arrowheads: A:

prelimbic/infralimbic cortex; B, C: ipsilateral NAcc; D: ipsi-

lateral VTA; E: bilateral VTA/interpeduncular nucleus.
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ipsilateral VTA and the neighboring interpeduncular nucleus. In addi-

tion, we found significantly increased rCBF in the ipsilateral nucleus

accumbens and deactivation in frontal cortex (Fig. 4 A, B, C). In contrast

to less-specific stimulation and in accordance to our fMRI results, specific

stimulation did not induce detectable rCBF increases in these regions.

Similar to less-specific stimulation, a reduction in frontal rCBF was pre-

sent (Fig. 4 A).

Discussion

Here we investigate to what degree dopaminergic VTA neurons can

drive neurovascular responses in reward related brain structures. We find

that the contribution of dopamine neurons of the VTA to BOLD responses

in the reward system is small. Therefore, canonical BOLD responses—as

observed in human studies—are likely not primarily the result of dopa-

minergic activity but mediated through alternative routes, for example

glutamatergic transmission. Understanding this type of neurovascular

coupling on a mechanistic level is critical to meaningfully study the

mesolimbic dopamine system in health and disease. Only thusly we can

judge the usefulness of neurovascular responses in the reward system as

markers for dopamine release, reward and value (D'Ardenne et al., 2007;

da Silva Alves et al., 2011). In addition, deep-brain stimulation of

dopaminergic tracts is an emerging treatment for several diseases, such as

addiction (Müller et al., 2016), bipolar disorder (Gippert et al., 2017),

obsessive-compulsive disorder (Coenen et al., 2017), and depression

(Fenoy et al., 2016; Schulz and Arora, 2015). The link between neuro-

vascular responses and dopamine release would therefore have great

implications for the usefulness of functional imaging in measuring neural

correlates of treatment response and our understanding of the causal

mechanisms of such approaches.

A number of studies have previously investigated how dopaminergic

neurons in the VTA affect neurovascular coupling mechanisms, for

example using pharmacological approaches (Shih et al., 2009), drugs of

addiction (Febo et al., 2004; Marota et al., 2000), fMRI combined with

PET (Ghahremani et al., 2012; Schott et al., 2008; Urban et al., 2012),

dopamine sensors (Lee et al., 2014) and electrical stimulation (Arsenault

et al., 2014). More recent studies have also used optogenetic stimulation

to more causally establish a link between dopamine release and BOLD

(Ferenczi et al., 2016; Helbing et al., 2016; Lohani et al., 2016). In the

majority of studies, a correlation between DA release and BOLD signal

was reported but the magnitude of BOLD responses was surprisingly low

(Ferenczi et al., 2016). However, dopamine neurons are not the only cells

in the VTA (Fig. 5) and dopamine as a neuromodulator often lacks a clear

driving influence on postsynaptic neurons. It is therefore possible that

increased blood flow in NAcc and other VTA-linked structures is the

result of a more complex process that rather depends on the release of

different neurotransmitters from non-dopaminergic VTA cells or on

direct influences of dopamine on the vasculature (Choi et al., 2006). For

example, it has been suggested that the observed changes in BOLD signal

intensities during stimulus-induced dopamine release may be rather

driven by, for example, glutamatergic neurotransmission (Helbing et al.,

2016; Ip et al., 2017; Urban et al., 2012). Glutamatergic transmission is

responsible for a large part of the brains oxidative metabolism (Shen

et al., 1999) and would be a natural candidate, particularly since gluta-

matergic cells are the major non-dopaminergic cell type targeted by our

use of the CamKIIa-promoter in less-specific stimulation (Fig. S4). It is

also possible that under specific circumstances dopamine receptors cause

the shunting of excitatory postsynaptic currents, resulting in increased

metabolic load and a BOLD response (Lippert et al., 2010). This response

would depend, however, on the presence of a specific parallel activation

instead of dopamine release itself.

According to the recent optogenetic studies (Decot et al., 2016; Fer-

enczi et al., 2016; Lohani et al., 2016), stimulation of dopaminergic VTA

cells leads to an increase of BOLD signal intensities mostly in dorsal and

ventral striatum (NAcc). Our recent results partially confirm these ob-

servations. We found that specific stimulation of dopaminergic VTA

neurons results in minor increases of BOLD signal in dorsal striatum. This

signal was not evenly distributed across the entire dorsal striatum, but

rather scattered and therefore hardly detectable in a multi-subject GLM

analysis. Using VOI analysis, i.e., considering all voxels in the left dorsal

striatum we found BOLD signal increases in the range of 0.15%, which

became only obvious by averaging the results of all trains in all animals.

Considering the fact that for VOI analysis the resulting BOLD response is

alleviated by non-responding voxels this result is comparable with pre-

vious reports (Ferenczi et al., 2016). Similarly, less-specific optical

stimulation of VTA neurons resulted in an equally positive BOLD

response but also in a subsequent negative BOLD response. This delayed

negative response was the main response that was induced by electrical

Fig. 5. Histological confirmation of fiber position and virus expression. A: Expression of the optogenetic construct (green) in Th-Cre animals (specific stimulation).

Expression is confined to Th-positive, dopaminergic cells (red). B: Expression of the optogenetic construct (green) under CamKIIa-promoter in wild-type littermates

(less-specific stimulation). In the stimulated region, expression is predominantly visible in Th-positive, dopaminergic cells (red), but also in a number of Th-negative,

non-dopaminergic cells.
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VTA stimulation; the initial positive response was missing. One expla-

nation of this phenomenon might be that the negative response is a

characteristic of non-dopaminergic processes, as it increases—and in the

case of electrical stimulation potentially even masks the positive sig-

nal—with decreasing stimulation specificity. The small positive signal

might therefore more reflect a dopamine-linked process in line with

previous research (Decot et al., 2016; Ferenczi et al., 2016; Lohani et al.,

2016). The positive component was observed in the ipsilateral and

contralateral striatum, whereas a positive component was only observed

in the ipsilateral but not in the contralateral NAcc. This agrees with

recently described cross-hemispheric dopamine projections from the

VTA to the dorsal and ventral striatum that were detected by in-vivo

voltammetry in awake and anesthetized rats. In particular unilateral

VTA stimulation triggered similar dopamine releases in the ipsi- and

contralateral striatum whereas dopamine release in the contralateral

NAcc was about 20 fold lower than in the ipsilateral Nacc (Fox et al.,

2016). Nonetheless, although all three stimulation conditions resulted in

clear activation of dopaminergic neurons in the VTA, as measured by in

vivo fast scan cyclic-voltammetry (for voltammetry data from electrically

stimulated animals see Helbing et al., 2016), each stimulation condition

caused a different hemodynamic response in the dorsal striatum.

Importantly, we found no strong BOLD responses in the direct projection

targets of the VTA: ventral striatum (NAcc) and mPFC. In the mPFC,

specific stimulation of dopaminergic neurons caused no significant var-

iations in BOLD signals, whereas less-specific optical stimulation

increased the BOLD signal by 0.5% and electrical stimulation by more

than 1.0%, although it is difficult to compare activation strength across

stimulation modality due to inherent differences in the underlying pro-

cesses. This increase in BOLD signals was not affected by the dopamine

D1/5 receptor antagonist SCH23390 (Fig. S2, Helbing et al., 2016),

indicating that dopaminergic transmission is not responsible for these

BOLD signal changes. Even if the used field strength of 4.7T is insufficient

to detect BOLD signal changes in the mPFC during specific stimulation, a

clear qualitative difference in induced BOLD responses exists between

specific and less-specific stimulation.

Therefore, we assume that the activity of non-dopaminergic cells is

the main driver of the observed reward-related canonical BOLD response

in, for example, human studies.

An interesting explanation for the weak, spatially restricted BOLD

signal changes could be that the influence of dopamine on BOLD might

even be mediated via non-neuronal processes. It has been demonstrated

in that context that BOLD signal changes coupled with dopamine release

are correlated with the expression of dopamine receptors on microvessels

and astroglia rather than purely neuronal activity (Choi et al., 2006). In

addition, co-release of glutamate from dopaminergic neurons could

induce a small excitatory BOLD response (Stuber et al., 2010). It is

therefore unclear whether the use of high field scanners or contrast

agents brings to light a neuronal signal.

A critical factor in our experiments is the use of medetomidine to

sedate the animals for fMRI measurements. BOLD responses might rely

on the interaction of ongoing activity and dopamine release or other

processes which are altered during sedation. We therefore conducted the

rCBF SPECT experiments to address this concern. The results of these

experiments suggest that in awake as well as in anesthetized animals the

influence of dopaminergic neurons on dorsal and ventral striatal blood

flow is weak. Again, only less-specific stimulation was able to induce

detectable changes in blood flow. These results mirror our findings from

fMRI and support the hypothesis that selective activation of dopami-

nergic VTA cells induces only weak neurovascular responses despite the

strong behavioral response which is documented, for example, by the

high rates of self-stimulation it induces. We attribute the deviations

observed between fMRI and SPECT activation patterns to differences in

the measured hemodynamic signal. SPECT measures rCBF and is sensi-

tive to slow, long lasting shifts in blood flow, whereas fMRI BOLD mea-

sures blood oxygenation and is more sensitive towards tightly stimulus

locked changes. The neurovascular signal in the ipsilateral NAcc—which

was present in non-selectively stimulated animals in SPECT but not

fMRI—for example, might be due to a slow continuous shift in neuronal

activity or metabolism following repeated trains of VTA stimulation.

Also, the small frontal deactivations found in the specific stimulation

condition might be attributable to these causes. Functional SPECT im-

aging is therefore a valuable technique to image activities which are not

easily detected by conventional fMRI BOLD.

In summary, our study shows that dopamine- and reward-related

neuronal processes might not be unambiguously reflected by neuro-

vascular signals measured during fMRI. In particular, mesolimbic dopa-

mine release and concurrent changes of BOLD signals in structures of the

reward network may not be causally related. While dopamine release can

clearly drive behavior, its ability to drive BOLD responses might be

significantly weaker than assumed. To monitor dopaminergic activity,

either dopamine-sensitive MR contrast agents, such as BM3H (Lee et al.,

2014; Shapiro et al., 2010) or a combination with PET should be

considered.
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