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Abstract 41 
In the present study, we used a simultaneous PET-MR experimental design to investigate the effects 42 

of functionally different compounds (agonist, partial agonist and antagonist) on 5-HT1B receptor (5-43 

HT1BR) occupancy and the associated hemodynamic responses. In anaesthetized male non-human 44 

primates (NHP, n=3), we used PET imaging with the radioligand [11C]AZ10419369 administered as 45 

a bolus followed by constant infusion to measure changes in 5-HT1BR occupancy. Simultaneously, 46 

we measured changes in cerebral blood volume (CBV) as a proxy of drug effects on neuronal 47 

activity. The 5-HT1BR partial agonist AZ10419369 elicited a dose-dependent biphasic 48 

hemodynamic response that was related to the 5-HT1BR occupancy. The magnitude of the response 49 

was spatially overlapping with high cerebral 5-HT1BR densities. High doses of AZ10419369 50 

exerted an extra-cranial tissue vasoconstriction that was comparable to the less blood-brain barrier 51 

permeable 5-HT1BR agonist sumatriptan. By contrast, injection of the antagonist GR127935 did not 52 

elicit significant hemodynamic responses, even at a 5-HT1BR cerebral occupancy similar to the one 53 

obtained with a high dose of AZ10419369. Given the knowledge we have of the 5-HT1BR and its 54 

function and distribution in the brain, the hemodynamic response informs us about the functionality 55 

of the given drug: changes in CBV are only produced when the receptor is stimulated by the partial 56 

agonist AZ10419369 and not by the antagonist GR127935, consistent with low basal occupancy by 57 

endogenous serotonin.  58 

 59 

Significance statement 60 

We here show that combined simultaneous Positron Emission Tomography and Magnetic 61 

Resonance Imaging uniquely enables the assessment of CNS active compounds. We conducted a 62 

series of pharmacological interventions to interrogate 5-HT1B receptor binding and function and 63 

determined blood-brain barrier passage of drugs and demonstrate target involvement. Importantly, 64 

we show how the spatial and temporal effects on brain hemodynamics provides information about 65 

pharmacologically driven downstream CNS drug effects; the brain hemodynamic response shows 66 

characteristic dose-related effects that differ depending on agonistic or antagonistic drug 67 

characteristics and on local 5-HT1B receptor density. The technique lends itself to a comprehensive 68 

in vivo investigation and understanding of drugs’ effects in the brain. 69 

 70 
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Introduction 71 
Development of novel drugs is complex, costly, and time-consuming and this particularly applies to 72 

drugs targeting the CNS, where the time-to-market is about 20 % longer than for non-CNS drug 73 

(Lindsley, 2014). The process is also risky: only 6.2 % of the drugs entering clinical trials obtain 74 

clinical approval (Lindsley, 2014). Accordingly, it is of major importance to be able to reliably 75 

predict target involvement and to establish mechanisms of action and efficacies of novel drugs in 76 

vivo in humans. In vitro experiments and the use of experimental animals provide important 77 

information about the drugs but unfortunately, the experimental models often fail to predict the 78 

effects in humans. The closest preclinical model available are the NHPs, due to their similarity in 79 

physiology and anatomy to humans. 80 

When used in conjunction with specific radioligands, PET critically informs about cerebral 81 

target involvement of novel drugs as well as their dose-dependent target occupancy. Likewise, 82 

pharmacological MRI (phMRI) investigates the functional brain response to a pharmacological 83 

intervention, demonstrating drug effects on the brain hemodynamics, usually interpreted as a 84 

downstream effect of changes in drug binding to its target (Jenkins, 2012). PET plays a well-85 

established role in Phase 1 studies to identify the clinical dose range to be used in the subsequent 86 

clinical trials (Matthews et al., 2012), and phMRI represents a potentially powerful tool in drug 87 

discovery, providing real-time neurophysiological data on drug action (Bourke and Wall, 2015). 88 

The recently established possibility to conduct multimodal and simultaneous imaging with PET-89 

MRI (Catana et al., 2012) provides an exciting new research opportunity to study drug effects. 90 

Sander et al. described a model for the estimation of basal dopamine receptor occupancies, by 91 

administrating pharmacological doses of the D2/D3 antagonist raclopride and measuring the 92 

neurovascular response simultaneous with the D2/D3 receptor occupancy (Sander et al., 2013). 93 

Further, simultaneous PET-fMRI enables characterization of dynamic neuroreceptor adaptations in 94 

vivo, and may offer a first non-invasive method for assessing receptor desensitization and 95 

internalization (Sander et al., 2016).  96 

The aim of the current study was to demonstrate proof-of-concept that combined 97 

simultaneous PET-MRI informs about the mode of action within the brain, i.e., if the PET-MRI 98 

drug response reflects the pharmacological properties (agonist, antagonist), and blood-brain barrier 99 

(BBB) permeability of a given compound. For this purpose, we chose to examine drugs acting on a 100 

G-protein coupled receptor, the 5-HT1BR. The 5-HT1BRs are involved in several psycho-101 

physiological functions and disorders: locomotor activity (Geyer, 1996), depression (Ruf and 102 
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Bhagwagar, 2009), anxiety states and aggressive-like behaviour (da Cunha-Bang et al., 2016). 103 

Therapeutically, the 5-HT1BR constitutes an important target in migraine intervention, where 104 

headache is alleviated by administration of triptans that mediate an agonist action on the 5-105 

HT1B/1D/1F receptors resulting in vasoconstriction of the vessels (Elhusseiny and Hamel, 2001). It is 106 

still debatable exactly where the triptans exert their antimigraine effects - in the brain parenchyma, 107 

at the intravascularly located receptors, or through the nociceptive input from the trigeminal nerves 108 

(Schytz et al., 2016). 109 

In this study, we investigated in anesthetized non-human primates (NHP) the pharmacological 110 

actions on the cerebral 5-HT1BR occupancy and hemodynamics. We used PET-MR imaging with 111 

the PET radioligand [11C]AZ10419369 administered as a bolus followed by constant infusion to 112 

measure changes in 5-HT1BR occupancy. Simultaneously, we measured changes in cerebral blood 113 

volume (CBV) as a proxy of downstream drug effects on neuronal activity (Belliveau et al., 1991; 114 

Qiu et al., 2012). As pharmacological tools, we used three different drugs with specific 115 

pharmacological actions on the 5-HT1BR: the partial agonist AZ10419369 (Maier et al., 2009), the 116 

agonist sumatriptan (Schoeffter and Hoyer, 1989) and the antagonist GR127935 (Skingle et al., 117 

1996). Moreover, with the entire NHP head within the scanner field of view, we were able to 118 

simultaneously assess central effects on brain tissue and peripheral effects in extra-cranial tissue. 119 

Consistent with classical pharmacology, we hypothesized that 5-HT1BR stimulation with a BBB-120 

permeable agonist would initiate downstream signalling pathways associated with dose-dependent 121 

alterations in the hemodynamic response whereas antagonists would have no effects on the 122 

hemodynamic response. 123 

Materials and Methods 124 
Animal procedures 125 

Three male rhesus macaques with mean weight of 11.1 ± 1.8 kg were used for in vivo simultaneous 126 

fMRI/PET imaging. Anaesthesia was induced with an intramuscular injection of either ketamine 127 

(20 mg/kg ketamine with 0.4 mg/mg diazepam or 10 mg/kg ketamine with 0.5 mg/kg xylazine 128 

followed by reversal of xylazine with yohimbine (0.11 mg/kg). In all cases induction was also 129 

accompanied with an intramuscular injection of atropine (0.05 mg/kg). Induction of anaesthesia was 130 

performed approximately 100 min before the start of the PET scan. A catheter for injections was 131 

placed in the saphenous vein. During scans, anaesthesia was maintained by isoflurane (0.8–1.5%, 132 

mixed with pure oxygen) through an intubation tube without ventilation. Physiological changes 133 

(blood pressure, pulse, end-tidal CO2, and breathing rate) were monitored continuously throughout 134 
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the experiment. The procedures complied with the regulations of the Subcommittee on Research 135 

Animal Care at Massachusetts General Hospital. 136 

 137 

Experimental design 138 

Our experimental design was of a successively nature, with the outcomes of PET-MR scans raising 139 

questions that we would subsequently design experiments to answer. The different pharmacological 140 

challenges were, when possible, replicated in a different animal. Details for each individual 141 

experiment is given in Table 1. 142 

 143 

PET acquisition 144 

[11C]AZ10419369 was given as a bolus plus infusion scheme with Kbol ranging from 1.3 – 2.2 h-1 145 

(1.5 ± 0.3, mean ± S.D., n=15). The injected dose was 507 ± 72.3 MBq (mean ± S.D.). The NHPs 146 

were subsequently scanned for 120 min in list-mode with a research-dedicated human PET/MR 147 

scanner, which consists of a 3 T MRI scanner (MAGNETOM Trio, Tim system; Siemens AG, 148 

Healthcare Sector) and an MR-compatible PET insert (BrainPET; Siemens AG, Healthcare Sector). 149 

AZ10419369 (0.88-36.2 μg/kg, n=11), sumatriptan (19.4 μg/kg, n=1), and GR127935 (200 μg/kg 150 

(n=2), were given as i.v. bolus injections 58 ± 6.2 min (n=14) after bolus injection of 151 

[11C]AZ10419369. In a blocking experiment with GR127935 (500 μg/kg, n=1), the drug was 152 

administered 14 min prior to injection of the radioligand. 153 

List-mode PET data were reconstructed into dynamic frames of increasing length (25x60, 11x300, 154 

and 4x600 sec) with the ordinary Poisson expectation maximization algorithm with 32 iterations. 155 

After downsampling, the final reconstructed volume consisted of 76 slices with 128 × 128 pixels 156 

(2.5 mm isotropic voxels). Corrections for scattering and for attenuation of the head and the 157 

radiofrequency coil were applied during reconstruction (Catana et al., 2010). 158 

 159 

fMRI acquisition 160 

Dynamic functional MR scans (fMRI time series) were acquired using gradient-echo echoplanar 161 

imaging with whole-brain coverage. Prior to fMRI scanning, monocrystalline iron oxide 162 

nanocompound (Feraheme) was administered intravenously at 10 mg/kg to improve fMRI detection 163 

power (Mandeville, 2012). Two different receiver coils were used: a vendor-supplied circularly 164 

polarized local transmit birdcage coil with an eight-channel receive array and a custom-built eight-165 

channel NHP receive array. We employed echo-planar imaging with whole-brain coverage and an 166 
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isotropic resolution of 1.3 mm (MR field of view = 110 × 72.8 mm2, bandwidth = 1,350 Hz/pixel) 167 

with a temporal resolution (TR) of 3 s and echo time (TE) of 23 ms.  168 

 169 

fMRI and PET data analysis 170 

PET and MR data were preprocessed (coregistration, motion correction, spatial smoothing, 171 

definition of regions of interest,) as previous described (Sander et al., 2016) and statistical analysis 172 

was carried out using the general linear model (GLM). The extra-cranial region was defined using 173 

the T1-weighted image to define a region in muscle outside the cranium. All fMRI data analysis and 174 

the voxel-based analysis in figure 2 was performed with open-access software 175 

(www.nitrc.org/projects/jip). 176 

Temporal responses to drug injections were modeled with gamma variate functions, in which 177 

times to peak and times to baseline were adjusted to minimize the χ2/DOF of the GLM fit to the 178 

data:  179 

 ( ) = ∙ ∙( ),  where = ,  180 = 7.5   and = 0.6   181 

The resulting signal models were standardized for each drug, and results were converted to percent 182 

changes in CBV by standard methods (Mandeville et al., 1998) and subsequently adjusted for 183 

decreases in the animals’ 5-HT1BR availability due to aging (Nord et al., 2014).  184 

Quantification of [11C]AZ10419369 binding was performed as a region-based analysis with the 185 

extended simplified reference tissue model using the cerebellum grey matter (excluding the vermis) 186 

as reference region (Zhou et al., 2006). All graphical figures and correlations were created in 187 

GraphPad (version 6.04). All non-linear regression assuming Mikaelis-Menten kinetics. 188 

Results 189 
Dose-response effects of the 5-HT1BR partial agonist AZ10419469 on the PET-MRI signal  190 

First, we assessed the dose-response effects of the 5-HT1BR partial agonist AZ10419369. Consistent 191 

with the high BBB permeability of 11C-labelled AZ10419369, we observed a time-dependent 192 

(Figure 1A) and dose-dependent (Figure 1C) increase in the cerebral 5-HT1BR occupancy when 193 

AZ10419369 was injected intravenously as a within-scan challenge 57 ± 7.4 min (n=9) after the 194 

injection of [11C]AZ10419369. Within the tested dose-range (0.88-36.2 μg/kg), 5-HT1BR occupancy 195 

in the occipital cortex was between 26.5 and 68.5 % (Figure 1C). 196 
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Intravenous injection of AZ10419369 induced a biphasic CBV response in the brain, with a 197 

rapid initial decrease followed by an increase that slowly returned to baseline values (Figure 1B). A 198 

dose-dependent hemodynamic response was observed for decreases and increases of CBV, and this 199 

dose dependency was generally found throughout the brain. All data could be described by a non-200 

linear fit assuming Micheaelis-Menten kinetics, which was left un-constrained with regards to 201 

maximum effect size. This relationship was stronger for the increase in CBV (R2 = 0.98) compared 202 

to the decrease in CBV (R2 = 0.72) but the magnitude of the changes was also larger for the 203 

increase in CBV compared to the decrease CBV response. 204 

 205 

Spatial distribution of PET and MR signals 206 

As expected, AZ10419369 displaced [11C]AZ10419369 binding uniformly across the brain, with no 207 

major differences in the regional 5-HT1BR occupancies. Overall, CBV responses were most 208 

pronounced in areas with high 5-HT1BR binding. However, a few areas - particularly thalamus, 209 

putamen and the vermis – exhibited CBV responses that were pronounced relative to the medium or 210 

low regional 5-HT1BR binding (Figure 2). 211 

 212 

Effects of the 5-HT1BR agonist sumatriptan on the PET-MRI signal 213 

In order to separately differentiate the hemodynamic effects in brain parenchyma, brain vasculature, 214 

and extra-cranial tissue, we administrated in one animal the less BBB-permeable 5-HT1BR agonist 215 

sumatriptan. Both sumatriptan (19.4 μg/kg) (Figure 3A) and AZ10419369 (36.2 μg/kg) (Figure 3B) 216 

injections led to extra-cranial tissue vasoconstriction. The magnitudes of these responses were 217 

similar: at the given doses, the peak blood volume change both with sumatriptan and with 218 

AZ10419369 was -3.4 %. Interestingly, sumatriptan only induced a very small CBV change in 219 

putamen but not in any of the other brain regions where AZ10419369 had its major hemodynamic 220 

effects (Figure 3-1). The simultaneous PET experiments showed that sumatriptan injection was only 221 

associated with minor occupancy (about 6 %) at the 5-HT1BR (Figure 3C). For comparison, the dose 222 

of AZ10419369 (36.2 μg/kg) that elicited the same degree of vasoconstriction in extra-cranial tissue 223 

as sumatriptan was associated with a cerebral 5-HT1BR occupancy of 69 % (Figure 3D).  224 

Taken together, the dose-dependency of 5-HT1BR occupancy, the biphasic hemodynamic 225 

response, and the spatial concordance between regional 5-HT1BR binding and the magnitude of the 226 

hemodynamic response suggested that AZ10419369 elicits its cerebral hemodynamic effects 227 
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through direct pharmacological action on the parenchymal 5-HT1BR and not on the vascular 228 

receptors. 229 

 230 

The biphasic hemodynamic response is elicited by BBB permeable agonists but not by 231 

antagonists 232 

Next, we examined if the AZ10419369 dose-dependent hemodynamic effects in the brain 233 

parenchyma were elicited by the pharmacological blockade of the 5-HT1BR or if they originated 234 

from the agonist properties of AZ10419369. For this purpose, we measured the PET-MR signal 235 

after administration of the 5-HT1BR antagonist GR127935, which is known to cross the NHP BBB 236 

well (Pierson et al., 2008; Nabulsi et al., 2010). An intravenous dose of 200 μg/kg GR127935 (n=2) 237 

led to a cerebral 5-HT1BR occupancy of ~ 62 % (Figure 4B). Although this occupancy is similar to 238 

what we saw with the highest dose of AZ10419369, we did not observe a significant change in 239 

CBV (Figure 4A). We also confirmed that the 5-HT1BR antagonist GR127935 did not elicit 240 

vasoconstriction in the extra-cranial tissue, consistent with its antagonist properties.  241 

Finally, to further verify that the biphasic hemodynamic response is mediated by stimulation 242 

of the 5-HT1BR, we pretreated the animals with GR127935 (500 μg/kg) before the injection of 243 

AZ10419369 (5.0 μg/kg). The substantial blocking of 5-HT1BRs (Figure 4D) prevented the 244 

previously seen AZ10419369-induced CBV response (Figure 4C). Of note, none of the 245 

pharmacological interventions were associated with any significant changes in the systemic 246 

physiology of the NHP (blood pressure, heart beat, respiration).  247 

To summarize the effects of the three different drugs used in this study, we looked at the 248 

correlation between 5-HT1BR occupancy and changes in CBV. With the partial agonist 249 

AZ10419369, we found a statistically significant correlation between the 5-HT1BR receptor 250 

occupancy and both the relative decrease (p=0.002, R2=0.88) and the increase (p=0.009, R2=0.78) 251 

in CBV (Figure 5). By contrast, the antagonist GR127935, which achieved high occupancy, did not 252 

show such a relationship. Sumatriptan, because of its low BBB penetrance and consequently low 253 

occupancy, did not result in any changes in CBV in the occipital cortex. 254 

Discussion 255 
Here, we demonstrated how simultaneous PET-MR in conjunction with pharmacological 256 

interventions can critically inform about spatial and temporal drug actions in the CNS. Using a 257 

series of pharmacological probes to study the binding and function of the G-protein coupled 5-258 

HT1BR, unique properties of pharmacological compounds can be identified in vivo, including 259 
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hemodynamic effects in peripheral tissue and in the brain, BBB penetrance and target involvement. 260 

Our results confirm that AZ10419369 possesses 5-HT1BR agonistic properties. This interpretation is 261 

reinforced by 1) data showing that the antagonist GR127935 achieved high receptor occupancy in 262 

the absence of a hemodynamic response, consistent with the notion of negligible basal occupancy at 263 

this receptor, and 2) comparable extra-cranial vasoconstriction produced by AZ10419369 and the 264 

clinical agonist sumatriptan.  265 

 266 

Localization of 5-HT1BRs 267 

Given that cerebral 5-HT1BRs are present both intravascularly (Riad et al., 1996) and as auto- 268 

and heteroreceptors (reviewed in (Sari, 2004)), the central hemodynamic effects could in principle 269 

stem from stimulation of 5-HT1BRs in any of these three categories, or a combination thereof. We 270 

find it unlikely that the intravascular 5-HT1BRs contribute to the cerebral hemodynamic response 271 

because the low-permeable 5-HT1BR agonist sumatriptan induced extra-cranial vasoconstriction as 272 

expected (Razzaque et al., 1999) but did not elicit any significant cerebral hemodynamic effects. 273 

This is  consistent with previous reports on the BOLD effect after administration of sumatriptan 274 

(Asghar et al., 2012). Sumatriptan acts in these experiments as a positive control for the agonist 275 

action of AZ10419369 outside the BBB. We demonstrated agonism as decreased CBV in extra-276 

cranial areas as an index of the vasoconstrictive effect of the drugs. In these regions, sumatriptan 277 

and AZ10419369 produced similar responses in both magnitude and duration. 278 

 279 

Downstream effects of 5-HT1BR stimulation 280 

Stimulation of the 5-HT1BR with the partial agonist AZ10419369 resulted in a biphasic 281 

response with a brief negative CBV response followed by a longer-lasting and larger positive CBV 282 

response above baseline. This temporal response can aid interpretation of the underlying 283 

pharmacology: the initial fast negative CBV response is consistent with direct 5-HT1BR-mediated 284 

inhibitory function, through the post-synaptic binding of AZ10419369 at 5-HT1BRs. The changes in 285 

CBV can be interpreted in the light of the 5-HT1BRs modulatory role in neurotransmission given the 286 

fact that the 5-HT1B heteroreceptor is present on serotonergic, glutamatergic and particularly on 287 

GABAergic neurons throughout the brain (reviewed in (Sari, 2004)). Tanaka and North showed that 288 

a 5-HT1BR agonist mediate presynaptic inhibition of the excitatory postsynaptic potentials in layer 289 

V of anterior cingulate cortex in rats (Tanaka and North, 1993). Furthermore, a correlation between 290 

5-HT1BR and the NMDA receptor binding was recently found in post mortem human tissue using 291 
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autoradiography (Veldman et al., 2017). Taken together this support that the decrease in CBV seen 292 

in our study is a result of 5-HT1BR mediated decrease in glutamate release. Pharmacological 293 

stimulation of 5-HT1B heteroreceptors on GABAergic neurons will result in a reduction in the 294 

release of GABA. The net outcome of this disinhibition is excitatory neurotransmission; that is, an 295 

increase in metabolism and CBV. Similarly, 5-HT was found to act on presynaptic 5-HT1B 296 

heteroreceptors on GABAergic terminals in the ventral midbrain to inhibit the release of GABA on 297 

GABAB receptors (Morikawa et al., 2000). Furthermore, there are data to support that the cerebral 298 

GABA concentration can predict the magnitude of negative BOLD responses (Northoff et al., 2007). 299 

The biphasic pattern was conserved across the different doses of AZ10419369, and the highest 300 

amplitudes were spatially overlapping with highest 5-HT1BR densities. This suggests that the size of 301 

the regional hemodynamic effects emerges as a combination of receptor density and drug 302 

occupancy, in line with previous observations in pharmacological fMRI studies in healthy 303 

volunteers (Hornboll et al., 2013). Alternatively, one should also consider if the functional 304 

responses can be down-regulated dynamically on a time scale of minutes by desensitization through 305 

mechanisms like receptor internalization, as it previously has been demonstrated for the 306 

dopaminergic system (Sander et al., 2016). To the best of our knowledge, however, desensitization 307 

of the 5-HT1BR has not been described. 308 

 309 

5-HT1BR antagonism 310 

The strength and novelty of the presented data is the use of functionally different compounds, 311 

including AZ10419369 as a partial agonist (Maier et al., 2009) and GR127935 as an antagonist 312 

(Skingle et al., 1996). Whereas we found a strong positive correlation between the CBV responses 313 

and receptor occupancies obtained with AZ10419369, we did not find the same relationship with 314 

GR127935, despite the fact that the drugs reached similar occupancies in the brain. According to 315 

classical pharmacology, antagonists will occupy the receptors but have zero intrinsic activity, 316 

meaning that they do not induce a downstream intracellular effect. Our data with GR127935 fits 317 

very well into this model, but only if the occupancy of the endogenous ligand is low and if the 318 

receptor is not constitutively active. The observation that GR127935 did not elicit any 319 

hemodynamic effect supports the notion that the 5-HT1BR endogenous occupancy of 5-HT is low; 320 

otherwise, the antagonist-induced reduction in endogenous 5-HT receptor availability would have 321 

induced a positive CBV response by displacing neurotransmitter, as is seen with D2 receptor 322 

antagonists (Sander et al., 2013). Human 5-HT1BRs display constitutive activity when expressed in 323 
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recombinant cell systems, and compounds such as methiothepin, SB-224289, and SB-236057-A 324 

decrease basal GTPγS activity, indicating that they are inverse agonists (Pauwels et al., 1998; 325 

Roberts et al., 2001). However, evidence of these inverse agonist properties has not been confirmed 326 

in vivo (Roberts et al., 2001; Stenfors and Ross, 2002). Our results also match other studies 327 

conducted in vitro and in vivo that found that although GR127935 itself has little effect, it can block 328 

the anti-aggressive effect of 5-HT1BR agonists (Doménech et al., 1997; Bannai et al., 2007). As an 329 

additional control experiment, we pretreated the animals with a large dose of GR127935 (500 330 

μg/kg) resulting in high 5-HT1BR occupancy, and then gave AZ10419369 as a challenge. The 331 

outcome confirms that the biphasic hemodynamic response results from 5-HT1BR activation and 332 

subsequent downstream effects: when virtually no 5-HT1BRs were available for the AZ10419369 333 

challenge, the hemodynamic response was abolished.  334 

 335 

Study limitations 336 

A potential limitation of this study is that experiments were conducted in NHP under 337 

isoflurane anaesthesia in order to avoid movement and to facilitate the drug interventions. As seen 338 

in the dopamine studies performed in the same animals and same PET-MR scanner (Sander et al., 339 

2013), we also observe in some studies large, transient and repetitive changes in fMRI signal that 340 

were consistent with isoflurane-induced burst suppression, a noise source that is unlikely to be 341 

present in human studies. These burst suppressions caused us to exclude one of the fMRI data sets 342 

due to physiological noise. It is known from NHP PET studies that the cerebral GABAA receptor 343 

binding is unaltered in awake and isoflurane anesthetized conditions (Sandiego et al., 2013) 344 

supporting that the anaesthesia did not directly involve the GABAA receptors. Anaesthesia was in 345 

this study induced by ketamine, which in a previous study by Yamanaka et al. was shown to 346 

increase 5-HT1BR binding in NHP(Yamanaka et al., 2014). However, in the Yamanaka study the 347 

induction doses were higher (30 mg/kg) than used in the present study (10-20 mg/kg) and 348 

furthermore, a continuous infusion of ketamine was applied. In pilot studies reported in the same 349 

paper, they did not observe any significant changes in 5-HT1BR binding when they gave a dose 350 

corresponding to antidepressant dose given to humans, namely 0.75 mg/kg/h. 351 

 352 

Perspectives for the use of simultaneous PET-MR 353 

We showed that drugs targeting the 5-HT1BR with pharmacologically distinct characteristics 354 

elicit specific profiles in the brain’s hemodynamic response. We propose that this approach should 355 
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generalize for testing other systems including, e.g., enzymatic activity or other neurotransmitter 356 

systems. Combined simultaneous PET-MRI opens for the possibility of testing novel drug 357 

compounds for their BBB passage, their brain occupancy and their functionality, based upon the 358 

hemodynamic response. The G-protein coupled receptor-effector systems are known to be 359 

extraordinarily complex and future drugs might be developed to have bias for distinct effector 360 

pathways, a concept coined as functional selectivity. We posit that combined PET-MRI could play a 361 

unique role to uncover in vivo ligand effects on those effector systems. 362 

The technical advancements can directly be taken to studies in humans and will potently 363 

enable acceleration of drug development for brain disorders; an advancement that is highly needed, 364 

given the slow progress in the field. We particularly anticipate that the technique will be applied for 365 

investigation of novel pharmaceuticals drugs to enable safe testing in humans. The technique can 366 

provide valuable information in any of the clinical trial phases, but it may prove especially useful in 367 

Phase-0 where microdosing experiments can be performed. We here show that in low doses (10-30 368 

μg/kg) changes in both the PET and MR signal can be detected. Contrast-enhanced BOLD, as used 369 

in this study, greatly improves the sensitivity of the MR signal and is currently being used in 370 

humans (D’Arceuil et al., 2013; Baumgartner et al., 2016) but other techniques, such as Arterial 371 

Spin Labeling (Wang et al., 2011) can also replace the MR contrast enhancement. The main benefit 372 

for CNS drug development is that combined PET-MR imaging can help to effectively assist early 373 

decision making in whether to proceed to expensive clinical trials or to await better drug candidates 374 

(Nathan et al., 2014). 375 

  376 
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Figure/Table Legends 512 
 513 

Table 1. Experimental details. BPND represent the baseline non-displaceable binding potential 514 

before a challenge. BSL indicates a baseline experiment, where no challenge was given. Time of 515 

administration of the drug is relative to the injection of the radioligand. Induction of anaesthesia 516 

was performed in two ways; Type 1:  diazepam (0.4 mg/kg) + ketamine (20 mg/kg). Type 2: 517 

ketamine (10 mg/kg) + xylazine (0.5 mg/kg) following reversal of xylazine with yohimbine (0.11 518 

mg/kg).  519 

 520 

Figure 1. Dose-response relationship following AZ10419369 administration. (A) Representative 521 

time-activity curve of [11C]AZ10419369 with the partial 5-HT1BR agonist AZ10419369 (5.0 μg/kg) 522 

intravenously administrated 60 min after injection of the radioligand. (B) Percent change in CBV 523 

(ΔCBV (%)) in the occipital cortex after intravenous injection of varying doses of AZ10419369. 524 

(C) Dose-response relationship of the 5-HT1BR occupancy (blue) and the positive and negative peak 525 

relative change in CBV (orange). 526 

 527 

Figure 2. Spatial distribution of PET and MR signals. (A) Binding potential map of 528 

[11C]AZ10419369 (averaged across seven scans) and (B) negative CBV change and (C) positive 529 

CBV changes. Images are averages across six experiments with AZ10419369 doses ranging 530 

between 0.88 and 5.0 μg/kg. PET data was smoothed with a 3.5 mm Gaussian filter. The p-value for 531 

thresholding of CBV change was p < 0.001. 532 

 533 

Figure 3. Within-scan challenges of 5-HT1BR agonists sumatriptan and AZ10419369 (A) CBV 534 

changes in the occipital cortex and peripheral tissue in response to the 19.4 μg/kg sumatriptan 535 

challenge. See Figure 3-1 for a map of the CBV changes. (B) CBV changes in the occipital cortex 536 

and extra-cranial tissue in response to the 36.2 μg/kg and 5.0 μg/kg AZ10419369 challenges. (C) 537 

Time-activity curve of [11C]AZ10419369 for the corresponding sumatriptan challenge experiment. 538 

(D) Time-activity curve [11C]AZ10419369 for the corresponding AZ10419369 challenge 539 

experiment. (E) Map of blood volume changes in the non-human primate brain and peripheral 540 

tissue in two representative transverse planes. Changes in blue/green colours represent decreases in 541 

CBV whereas changes in yellow/red represent increases in CBV. 542 

 543 
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 544 

 545 

Figure 4. Within-scan challenges and pretreatment with the 5-HT1BR antagonist GR127935. 546 

(A) Average changes in CBV upon administration of GR127935 (200 μg/kg) performed in two 547 

different animals. (B) Representative time-activity curve of [11C]AZ10419369 with a GR127935 548 

challenge (200 μg/kg). (C) Changes in CBV of upon administrating GR127035 (500 μg/kg) before 549 

the injection of radioligand and a subsequent within-scan challenge of AZ10419369 (5.0 μg/kg). 550 

(D) Time-activity curve of [11C]AZ10419369 after GR127935 pretreatment (500 μg/kg) and with a 551 

within-scan challenge of AZ10419369. 552 

 553 

Figure 5. Correlation between the relative changes in 5-HT1BR binding and the relative peak 554 

changes in CBV in the occipital cortex. The correlation with the decrease in CBV is visualized with 555 

orange diamonds, the increase in CBV with blue circles, sumatriptan with a green square, and 556 

GR127935 with red triangles. The linear regression of the correlation and the goodness of fit (R2) 557 

are indicated.  558 
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Table 1 Experimental details. BPND represent the baseline non-displaceable binding potential 

before a challenge. BSL indicates a baseline experiment, where no challenge was given. Time of 

administration of the drug is relative to the injection of the radioligand. Induction of anaesthesia 

was performed in two ways; Type 1:  diazepam (0.4 mg/kg) + ketamine (20 mg/kg). Type 2: 

ketamine (10 mg/kg) + xylazine (0.5 mg/kg) following reversal of xylazine with yohimbine (0.11 

mg/kg).  

Monkey 
 

Weight 
(kg) 

Inj. mass 
(μg/kg) 

BPND 
 

Drug 
 

Drug dose 
(μg/kg) 

Time of 
administration 

(min) 

Induction 
anaesthetics 

M1 10.6 0.70 2.15 BSL  Type 1 
M3 7.4 0.41 2.04 BSL  Type 1 

  
M2 11.4 0.13 2.02 AZ 0.88 55.2 Type 1 
M1 10.6 0.12 1.91 AZ 0.94 65.5 Type 1 
M1 10.6 0.27 2.09 AZ 1.89 52.3 Type 1 
M1 10.6 0.12 2.07 AZ 2.86 55.0 Type 1 
M3 7.4 0.25 1.94 AZ 4.05 62.4 Type 1 
M2 12.0 0.56 1.74 AZ 4.17 60.0 Type 2 
M3 10.3 0.34 1.90 AZ 4.85 59.9 Type 2 
M2 13.8 0.15 0.88 AZ 5.00 60.0 Type 2 
M2 13.8 0.14 0.61 AZ 36.20 40.0 Type 2 

AZ 5.00 60.0  
  

M3 10.3 0.37 1.67 Sumatriptan 19.4 59.6 Type 2 
M2 12.0 0.30 1.70 GR127935 200 60.0 Type 2 
M3 12.2 0.42 1.12 GR127935 200 62.8 Type 2 
M3 12.2 0.31 n.a. GR127935 500 -14.0 Type 2 

AZ 5.00 60.1  
 












