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eLife Assessment
This important paper on measuring molecular connectivity using combined serotonin PET and 
resting-state fMRI provides both novel methods for studying the brain as well as insights into the 
effects of ecstasy administration. The methods are convincing, with the high anaesthetic dose used 
likely limiting network activity.

Abstract Understanding the complex workings of the brain is one of the most significant chal-
lenges in neuroscience, providing insights into normal brain function, neurological diseases, and the 
effects of potential therapeutics. A major challenge in this field lies in the limitations of traditional 
brain imaging techniques, which often capture only fragments of the complex puzzle of brain func-
tion. Our research employs a novel approach termed ‘molecular connectivity’ (MC), which combines 
the strengths of various imaging methods to provide a comprehensive view of how specific mole-
cules, such as the serotonin transporter, interact across different brain regions and influence brain 
function. This innovative technique bridges the gap between functional magnetic resonance imaging 
(fMRI), known for its ability to monitor brain activity by tracking blood flow, and positron emission 
tomography (PET), which visualizes specific molecular changes. By integrating these methods, we 
can better understand how drugs influence brain function. Our study focuses on the application 
of dynamic [11C]DASB PET scans to map the distribution of serotonin transporters, key players in 
regulating mood and emotions, and examines how these transporters are altered following expo-
sure to methylenedioxymethamphetamine (MDMA), which is commonly known as ecstasy. Through 
a detailed comparison of MC with traditional measures of brain connectivity, we reveal significant 
patterns that closely align with physiological changes. Our results revealed clear changes in molec-
ular connectivity after a single dose of MDMA, establishing a direct link between the effects of drugs 
on serotonin transporter occupancy and changes in the functional brain network. This work offers 
a novel methodology for the in-depth study of brain function at the molecular level and opens new 
pathways for understanding how drugs modulate brain activity.

Introduction
The field of neuroscience has experienced remarkable advancements over the past decade, specifi-
cally propelled by the advent of innovative imaging techniques. The simultaneous application of PET 
and magnetic resonance imaging (MRI) has revolutionized our ability to assess brain function across 
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various physiological dimensions (Wehrl et  al., 2013; Judenhofer et  al., 2008). This is especially 
true in the context of drug effect evaluations. Combining PET with fMRI has opened many investiga-
tive avenues. Techniques such as resting-state functional connectivity (rs-FC) (Biswal et al., 1995) or 
pharmacological MRI (phMRI) (Jonckers et al., 2015) are now complemented by the ability of PET 
to quantify molecular changes, including alterations in receptor and transporter availability (Sander 
et al., 2013).

While fMRI provides high spatial and temporal resolution, the interpretation of its readout necessi-
tates caution. The blood-oxygen-level-dependent (BOLD) signal in fMRI indirectly captures neuronal 
changes through neurovascular coupling (Buxton, 2012), revealing only the hemodynamic conse-
quences of molecular-level drug effects. The integration of simultaneous PET acquisition can bridge 
this interpretative gap by offering essential molecular insights, particularly regarding transporter or 
receptor alterations. Typically, PET, used independently or simultaneously with fMRI, has been used 
mainly in pharmacological studies to illustrate quantitative shifts in neuroreceptor or transporter avail-
ability (Silberbauer et  al., 2019). Several studies have also explored the interregional coherence 
of PET tracer signals (Amend et al., 2019; Lanzenberger et al., 2012; Vanicek et al., 2017), an 
approach akin to fMRI-derived rs-FC. While subject-level metabolic connectivity using [18F]FDG-PET 
has been established through the temporal correlation of regional PET signals (Wehrl et al., 2013; 
Amend et al., 2019), studies employing transporter or receptor tracers have focused predominantly 
on interregional binding coherence across subjects using static scans (Lanzenberger et al., 2012; 
Vanicek et al., 2017). The concept and feasibility of molecular connectivity (MC) (Hahn et al., 2019; 
Sala et al., 2023) through the temporal correlation of the dynamic binding potentials of transporter 
or receptor tracers has yet to be explored.

In our study, we investigated the feasibility of deriving MC from dynamic [11C]DASB-PET scans 
acquired simultaneously with fMRI in rats. We divided the rats into two cohorts, a baseline group and 
a pharmacological application group, which were exposed to 3,4-methylenedeoxymetamphetamine 
(MDMA). The baseline cohort assessed the feasibility of the novel methodology, contrasting it with 
traditional fMRI-derived rs-FC with a specific focus on temporal stability. We postulated that dynamic 
[11C]DASB PET temporal fluctuations could be harnessed for connectivity data like BOLD signal can for 
hemodynamic rs-FC using seed-based and independent component analysis (ICA).

The second cohort, subjected to an MDMA challenge, allowed us to evaluate the utility of our novel 
approach. We aimed to outline the effects of MDMA by integrating the innovative MC concept with 
established analysis techniques. Our primary objective in this research was to elucidate the potential 
of PET-derived MC in conjunction with simultaneous PET/fMRI, exploring the avenues this method-
ology could open for future diagnostic and drug development studies.

Results
Comparability of MC and FC in spatial contexts and over time
We first aimed to evaluate whether MC align spatially with FC, possess similar graph theory proper-
ties, and provide consistent temporal readouts throughout the scan duration in the baseline group 
(Figure 1).

We found a moderate but significant correlation between the edge-level MC and FC (r=0.51, 
p<0.001; Figure 1A and B). Furthermore, both connectomes revealed small-world properties at the 
group level, with coefficients higher than 1 (Figure 1C). At the subject level, three molecular and 
four functional connectomes fell below the threshold of 1 for the small-world coefficient. Significant 
consistency was observed between early and late scan-derived connectomes (Figure 1D for FC, G for 
MC), with FC having a slight edge (Figure 1E, r=0.96) over MC (Figure 1H, r=0.8). While both FC and 
MC maintained steady correlation intensities, there was a negligible decline over the scan duration 
(Figure 1F and I).

Deciphering the spatial characteristics of FC and MC using ICA
After establishing the feasibility of obtaining temporally stable readouts using the ROI-to-ROI 
approach, we employed a data-driven approach using ICA to compare the spatial characteristics of 
FC and MC (Figure 2).

https://doi.org/10.7554/eLife.97864
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Figure 1. Evaluation of the seed-based molecular connectivity (MC). (A) Correlation matrix indicating whole-brain functional connectivity (FC) (beneath 
the diagonal) and MC (above the diagonal). Correlations not significant with multiple comparison corrections were set to zero (p<0.05, FWE correction). 
(B) Scatter plot and correlation between MC and FC edges. (C) Small-world coefficients for all subjects and group-level one-sample t-test against 
the value of 1 (SW >1 indicates small-world properties, data provided as mean ± SD, one-sample t-test to 1, *** p < 0.001). Comparison of (D) FC 

Figure 1 continued on next page
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We extracted ten group ICs from the fMRI data (Figure 2A), revealing known canonical resting-state 
networks, such as the posterior default-mode-like network (IC1-5, red), sensorimotor networks (IC1-5, 
green and purple), the anterior default-mode-like network (IC6-10, yellow) and the visual network 
(IC6-10, red). Given the unpredictability of the number of ICs suitable for MC IC extraction, we started 
with two components (Figure 2B). IC1 (orange) comprised both subcortical and cortical anterior brain 
regions, including the nucleus accumbens, amygdala, cingulate cortex, caudate putamen, orbitof-
rontal cortex and medial prefrontal cortex, whereas IC2 (blue) primarily received contributions from 
deeper posterior areas, such as the midbrain, thalamus, hypothalamus, periaqueductal gray cortex 
and medulla. Interestingly, when we extracted 10 independent components to mimic the number of 
components used for the FC data, the initial anterior component split into four different ICs, and the 
initial posterior IC split into three different ICs. Relatively clear spatial segregation can be observed 
for the newly formed ICs, for instance, the three posterior components extracted from specific regions 
(green, mainly from the medulla; red, from the hypothalamus; and part of the midbrain, blue, from the 
midbrain and thalamus).

MDMA-induced changes in ICA-derived molecular connectivity
Next, we aimed to explore the relationship between molecular changes in SERT availability and the 
molecular connectome derived from the ICA induced by acute MDMA administration (Figure 3).

Two ICs extracted from the MC showed good overlap with regions associated with the SERT salience 
network (IC1) and the SERT subcortical network, comprising regions with intrinsically high SERT 
densities (IC2). Therefore, we defined the regions contributing strongly to IC2 as the SERT salience 
network (CPu, Cg, NAc, Amyg, Ins, mPFC) and those with strong signals in IC1 as the SERT subcor-
tical network (VTA, Th, MB, PAG, Hypo). Interestingly, MDMA induced immediate strong decreases 
in all SERT subcortical network regions, and salience areas exhibited a delay of approximately 10 min 
(Figure  3A). Voxel-level analysis revealed clear spatial overlaps between early MDMA-responsive 
regions and those from the posterior IC, with delayed regions mirroring the anterior IC reminiscent of 
the SERT salience network (Figure 3B). To quantify the striking spatial similarity between the baseline 
independent components and the spatiotemporal characteristics of [11C]DASB changes after MDMA 
exposure, we found highly significant correlations between the z scores of the posterior and anterior 
ICs and the t scores of late and early MDMA effects on [11C]DASB alterations (p<0.001, Figure 3C).

Finally, we investigated the relationships between SERT availability changes and MC reductions 
following acute MDMA challenge (Figure 4).

We found that the decreases in MC and [11C]DASB BPND following MDMA application (Figure 4A) 
showed only a low correlation (r=0.29, Figure 4B). While decreases in SERT availability exhibited a 
strong anterior-posterior gradient, which was most pronounced in areas with high SERT availability, 
such as the MB, VTA, Pons, or PAG, the MC encompassed regions across the brain to similar extents. 
Specifically, while the significance of [11C]DASB reductions in Ins was very low across the investigated 
regions, Ins presented the greatest effects among regions for MC. In contrast, strong SERT occupancy 
effects in IC and SC did not translate into very prominent reductions in the respective global MC of 
the two regions.

MDMA-induced changes in seed-based molecular connectivity
Next, we performed a seed-based analysis to compare changes in FC and MC after an MDMA phar-
macological challenge on the salience network and regions with high SERT binding (Figure 5).

We observed a decrease in SN FC (16% at the end of the scan, p=0.02, did not survive FDR correc-
tion) and almost constant FC of the subcortical network (<5% decrease, p=0.79) following MDMA, 
as shown in Figure 5A at the edge and node levels and Figure 5C at the network level. For MC, we 

and (G) MC early (20–40 min after the start of the scan, below the diagonal) and late (60–80 min after the start of the scan, above the diagonal). The 
similarities of early and late readouts were quantified for both (E) FC and (H) MC. The temporal stability of both (F) FC and (I) MC was evaluated using a 
sliding window approach, including 20 min windows between 20 and 80 min after the start of the scan. Abbreviations: FC = fMRI-derived hemodynamic 
functional connectivity, MC = [11C]DASB PET-derived molecular connectivity.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Detrending procedure of DVR-1 time courses.

Figure 1 continued

https://doi.org/10.7554/eLife.97864
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Figure 2. Group independent component analysis for functional connectivity (FC) and molecular connectivity 
(MC). (A) Independent component analysis (ICA) was performed over 10 components for functional magnetic 
resonance imaging (fMRI). (B) ICA performed over two components for [11C]DASB PET and regional quantification 
of the two derived components (mean ± SD over voxels). The ICA was repeated over 10 components. Four and 

Figure 2 continued on next page
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observed profound reductions in the subcortical network (Figure 5C and D, p=0.009), emphasizing 
the acute and spatially specific effect of MDMA on MC.

Discussion
The mammalian brain operates on diverse physiological, spatial, and temporal scales. FC via BOLD-
fMRI offers insights into coherent functional brain networks, but its complexity and indirect link to 
neural activity highlight the need for more direct methodologies. In this context, the concept of MC 
using [11C]DASB PET, as introduced in our study, provides a more direct and complementary perspec-
tive on brain organization and its response to external stimuli, such as MDMA.

Physiological basis
Our findings suggest that [11C]DASB binding reflects the interplay of serotonin levels and SERT 
dynamics (Paterson et al., 2010). In support of the competition model, evidence indicates that endog-
enous serotonin competes with tracers for binding sites, affecting tracer binding (Yamamoto et al., 
2007). However, contrasting results from various studies highlight the complexity of this interaction 
(Lundquist et al., 2007; Talbot et al., 2005; Lefevre et al., 2017). The internalization model suggests 
that serotonin levels influence SERT internalization, impacting [11C]DASB binding (Paterson et al., 
2010; Ramamoorthy and Blakely, 1999; Blakely et al., 1998). While supporting evidence, further 
exploration is needed to fully understand these dynamics, especially during the resting state (Raichle 
and Gusnard, 2002). Some models on this topic have proposed a regulatory function of the raphé 
nuclei in maintaining serotonin fluctuations over several temporal scales at rest (Salomon and Cowan, 
2013). Remarkably, fast microdialysis has resolved multiple spontaneous surges of up to 1500-fold of 
the basal serotonin occurring during 30 min intervals (Yang et al., 2013). Additionally, the same study 
indicated that SERT expression is essential for spontaneous surges and that reduced SERT drastically 
decreases serotonin spiking. Thus, it is feasible that the correlated temporal fluctuations captured by 
dynamic [11C]DASB at least partly reflect the role of the serotonergic system in the resting activity of 
the brain. In addition, SERT regulation occurs over multiple time scales, ranging from milliseconds 
to hours, depending on the mechanism involved (Lau and Schloss, 2012). Rapid changes in SERT 
surface expression can be mediated by protein-protein interactions or posttranslational modifications 
(Jayanthi et al., 2005; Steiner et al., 2008), such as phosphorylation, which occur on a timescale 
of milliseconds to minutes. These processes dynamically modulate surface availability and function, 
allowing fine-tuned regulation of serotonin uptake even under resting-state conditions. Additionally, 
while slower processes involving endocytosis, recycling, and degradation typically occur over minutes 
to hours, subtle fluctuations in SERT trafficking and activity can still occur under basal conditions. 
These minor yet biologically relevant changes likely reflect ongoing homeostatic regulation essen-
tial for maintaining serotonergic balance. Therefore, tracer fluctuations observed during resting-state 
measurements should not be dismissed, as they may represent meaningful variations in SERT regula-
tion that contribute to the fine control of serotonin clearance.

Implications for the whole-brain serotonergic system
Our graph theory analysis revealed comparable whole-brain organization between the hemodynamic 
(BOLD-derived) and serotonergic (PET-derived) connectomes, although we found only a moderate 
correlation between the edges of the two measurements. Notably, the [11C]DASB-based MC results 
showed a distinct binding pattern compared with BOLD-fMRI-derived FC. For FC, the ICA revealed 
classic RSNs, including the default-mode network, sensory network, and motor network, consistent 
with previous studies in rats (Becerra et al., 2011) and humans (Fox et al., 2005). In contrast, the 
PET data revealed two distinct anatomical components in the serotonergic system. One component 
included key subcortical areas, such as the brainstem, parts of the midbrain, and the thalamus, regions 
rich in SERT availability and central to serotonergic regulation. The other component comprised 

three components showed good overlap with the two components defined above. All the components were 
thresholded at z>1.96 (p≤0.05). Abbreviations: FC = fMRI-derived hemodynamic functional connectivity, MC = [11C]
DASB PET-derived molecular connectivity.

Figure 2 continued

https://doi.org/10.7554/eLife.97864
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Figure 3. Comparison of methylenedioxymethamphetamine (MDMA)-induced [11C]DASB alterations. (A) Left 
panel: Dynamic binding potentials of regions comprising the SERT subcortical network, defined by IC 1 in the 
validation cohort. Right panel: Dynamic binding potentials of regions comprising the SERT salience network, 
defined by IC 2 in the validation cohort (continuous lines indicate the means, and dotted lines indicate standard 

Figure 3 continued on next page

https://doi.org/10.7554/eLife.97864
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regions of the limbic system, such as the striatum, amygdala, insula, cingulate cortex, and prefrontal 
cortex, critical targets of serotonergic projections from the raphe nuclei. These components suggest 
a broader spatial reach of the serotonergic system than the typically described RSNs, reflecting its 
unique neurochemical architecture. In our analysis, PET ICs appeared less bilateral than fMRI ICs. This 
is likely due to the lower temporal resolution of PET (80 frames) than of fMRI (2400 frames), resulting 
in a reduced signal‒to‒noise ratio (SNR) and potentially affecting the stability and symmetry of the 
independent components.

Our results demonstrate that compared with FC, MDMA induces more pronounced changes 
in MC, particularly in regions associated with the SERT subcortical network. The distinct temporal 
dynamics of BPND variations between these components may reflect the hierarchical organization of 
the serotonergic system. Specifically, the raphe nuclei, as the primary source of serotonin, are likely 
to exert more immediate modulation on posterior subcortical structures (IC2), whereas downstream 
effects on limbic and cortical regions (IC1) may occur more gradually. While these findings align with 
current neuroanatomical and molecular knowledge, the precise biological mechanisms driving these 
temporal differences remain unclear. Additional investigations are warranted to elucidate these mech-
anisms. Future studies combining direct measurements of serotonin levels with neuroimaging data will 
be critical to fully understanding these components’ distinct roles and temporal profiles in regulating 
serotonergic function.

Relevance to prior research
Previous studies evaluating the effects of MDMA on FC have indicated relatively few effects on FC 
(Carhart-Harris et al., 2015; Roseman et al., 2014). Our findings align with Salvan et al., 2023, 
who integrated molecular maps into fMRI data and demonstrated how individual serotonergic recep-
tors contribute to network-level activity. Despite our differing methodologies, the receptor activity 
patterns found may also correspond to the independent components we found from the [11C]DASB 
PET data. The dual regression approach reported by Salvan et al. was first reported in the context 
of pharmacology to delineate the receptor-specific effects of MDMA in humans (Dipasquale et al., 
2019). The authors found that MDMA specifically decreased FC in the 5HT1A maps in areas that 

deviations). (B) Overlap between independent components extracted from the validation cohort (IC 1=SERT 
subcortical network, IC 2=SERT salience network) and the early and late effects of MDMA. (C) Pairwise correlations 
between regional z scores of the ICs extracted from the validation cohort and regional t scores of early and late 
MDMA effects. (*** indicates p<0.001, ns = not significant). Abbreviations: SERT = serotonin transporter, ICA = 
independent component analysis; for abbreviations of regions, please refer to the Supplementary information.

Figure 3 continued

Figure 4. Comparison of molecular connectivity (MC) and BPND changes following methylenedioxymethamphetamine (MDMA). (A) Reductions in BPND 
following MDMA (orange) and MC strength (blue) were compared. (B) The correlation coefficient of the regional T scores was low (r=0.29).

https://doi.org/10.7554/eLife.97864
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Figure 5. Methylenedioxymethamphetamine (MDMA) effects on seed-based functional connectivity (FC) and molecular connectivity (MC) of the 
salience and subcortical networks. (A) FC and (C) MC brain networks depicting the edge and node strengths of the salience network and subcortical 
network at baseline (20–40 min after the start of the scan) and after MDMA (60-80 min after the start of the scan). (B) FC and (D) MC time-resolved 
salience and subcortical network strengths computed by sliding windows. Individual values are provided in the bar graphs for the baseline and final 
post-MDMA periods (paired t-tests, numbers indicate p-values). Asterisks indicate significant (p<0.05, FDR-corrected) changes from baseline (time point 
zero, corresponding to 20–40 min after the start of the scan).

https://doi.org/10.7554/eLife.97864
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could be ascribed to the human salience network, such as the insula and a collection of medial cortical 
regions. While not reaching significance, we observed a trend towards reduced salience FC and MC 
in our data.

The increased activity in limbic and cortical structures when controlling for vascular effects being 
accompanied by decreased salience connectivity, indicates that, while neurons become more active 
through the drug, they do so in an incoherent manner, which would be in line with the hyperactive yet 
abnormal behavior reported for MDMA abuse. Importantly, the potent vascular effects that play a role 
in modulating the amplitude of the BOLD-fMRI signal may also influence FC readouts, although the 
extent of such effects is difficult to estimate (Ionescu et al., 2023).

Over the past decade, PET studies using [11C]DASB have focused on the associations of sero-
tonin transporter (SERT) availability across different brain regions, revealing altered interregional 
SERT connections in patient cohorts, posttreatment changes, and a predictive capacity for treat-
ment response (Lanzenberger et al., 2012; Vanicek et al., 2017; James et al., 2017; Hahn et al., 
2014; Hahn et al., 2010). Our study builds upon this foundation, revealing significant within-subject 
temporal associations in [11C]DASB binding and demonstrates more pronounced alterations in MC 
than in FC induced by drugs, thus highlighting the enhanced utility of our method.

Study limitations and future directions
One limitation of our study is that our experimental protocols predate the recently published 
consensus recommendations for rat fMRI (Grandjean et al., 2023), particularly concerning anesthesia 
and preprocessing pipelines. Using isoflurane anesthesia, although common at the time of data acqui-
sition, introduces a potential confound due to its known neuronal activity effects. However, we previ-
ously demonstrated that isoflurane at 1.3% maintains stable physiological parameters and avoids 
burst suppression (Ionescu et al., 2021b), a concern at higher doses. Furthermore, other studies have 
reported that low-dose isoflurane remains feasible for resting-state functional connectivity studies 
(Hutchison et al., 2014). While isoflurane, a GABA-A agonist, could theoretically interact with the 
mechanisms of MDMA in the brain, we found no evidence in the literature suggesting significant 
cross-talk between these substances. Future studies employing medetomidine-based protocols may 
help minimize this potential confounding factor.

Additionally, the number of animals used for our pharmacological study with MDMA was low 
compared to the resting-state cohort. While future studies with higher group sizes may be valuable 
to confirm and expand our findings, the consistency of effects between subjects indicated in our data 
points towards the stability of our results even at the employed group size.

With respect to data preprocessing, we retained the same pipeline used in our prior publications 
(Ionescu et al., 2023; Ionescu et al., 2021a) to maintain methodological consistency. While we recog-
nize the advantages of adopting standardized preprocessing, as outlined in the consensus guidelines, 
this approach ensures comparability with our previous analyses. To facilitate further investigation, we 
have made the full dataset publicly available (see Data availability statement), enabling reanalysis with 
updated pipelines or additional explorations of this dataset.

Nonetheless, we provide a strong rationale for considering such analyses in future studies. First, 
we show that at rest, the data are reliable, temporally stable, and exhibit similar graph theory metrics 
to traditionally calculated functional connectomes. Second, despite comparable network-level organi-
zational properties, at rest, MC is only moderately correlated with FC, indicating the complementary 
nature of both readouts. Third, resting-state MC ICs correlate well with SERT occupancy changes 
induced by the MDMA challenge. Finally, we show that the changes that MDMA elicits on the MC 
are complementary to standardly calculated [11C]DASB BPND alterations. Our data indicate that while 
changes in BPND are more pronounced in regions with higher baseline SERT availabilities, MC reveals a 
more globally distributed measure of tracking serotonergic changes since regions, such as the insula, 
with relatively low SERT expression, are strongly affected. However, our multimodal imaging approach, 
although powerful, cannot fully decipher the mechanisms of interregional coherence in PET time 
courses. Therefore, studies employing more direct sensitive methods to measure neurotransmitter 
release could provide deeper insights into the molecular processes underpinning our observations.

This study significantly contributes to integrating molecular data into connectomic frameworks, 
demonstrating that subject-level MC are reliable and complementary to FC in both resting and phar-
macologically challenged states. Our research provides a strong foundation for future investigations 

https://doi.org/10.7554/eLife.97864
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into the value and generalizability of PET-derived MC, particularly for understanding drug-induced 
brain-wide molecular network changes.

Materials and methods
Our study reevaluates two datasets previously published by our group (Ionescu et al., 2023; Ionescu 
et al., 2021a) to explore FC and MC simultaneously at baseline (Ionescu et al., 2021a) and following 
MDMA administration (Ionescu et al., 2023). Please refer to these earlier publications for detailed 
descriptions of the animal handling methods, experimental setups, and data acquisition procedures.

Animals
A total of 41 male Lewis rats were obtained from Charles River Laboratories (Sulzfeld, Germany). 
Thirty rats (354±37 g, corresponding to 11 wk of age) underwent baseline [11C]DASB PET/fMRI scans 
without any pharmacological intervention, whereas 11 rats (365±19 g, corresponding to 11 wk of age) 
underwent [11C]DASB PET/fMRI scans, including an acute MDMA challenge. All experiments were in 
compliance with German federal regulations for experimental animals and received approval from the 
Regierungspräsidium Tübingen.

Simultaneous PET/fMRI experiments
The rats were subjected to simultaneous PET/fMRI experiments involving 1.3% isoflurane anesthesia, 
tail vein catheterization, positioning on a temperature-controlled bed, and monitoring of vital signs. 
The scans were performed using a 7T small-animal ClinScan MRI scanner (Bruker Biospin, Ettlingen, 
Germany) with a custom-developed PET insert (Disselhorst et  al., 2022). For [11C]DASB PET, we 
employed a bolus plus constant infusion protocol (kbol = 38.7 min) and reconstructed the scans in 
1  min time frames. The scanning protocol and sequence parameters are outlined in detail in our 
previous publication (Ionescu et al., 2023). The MDMA cohort received a pharmacological MDMA 
challenge of 3.2 mg/kg intravenously 40 min after tracer injection.

Data preprocessing and analysis
Data preprocessing followed established protocols, including steps such as realignment, mask 
creation, coregistration, spatial normalization, signal cleaning, and spatial smoothing, as detailed in 
our previous work (Ionescu et al., 2023). For the MDMA dataset, PET scans were analyzed for early 
and late effects post-challenge using the general linear model (GLM) available in SPM. For both 
datasets, the baseline was defined as 30–40 min after the start of the scan. For the fMRI data, a first-
level analysis was applied to the individual scans without a high-pass filter (the filter was set to ‘Inf’). 
Statistical parametric maps were generated after GLM parameter estimation using contrast vectors. 
The group-level analysis involved a one-sample t-test on the subject-level statistical parametric maps 
(p<0.05, one-sided, familywise error/FWE adjusted).

Static PET scans were generated by summing dynamic frames over defined periods for 10 min 
periods after the MDMA challenge (50–60 min to investigate early effects and 70–80 min to inves-
tigate late MDMA effects). Two-sample t-maps were calculated between the normalized [11C]DASB 
uptakes of (1) the baseline scan period and the early effect period and (2) the early effect period and 
the late effect period (p<0.05, FWE-adjusted).

All group-level t-maps were subjected to voxelwise signal quantification to determine the regional 
contributions of 48 regions selected according to the Schiffer atlas (Schiffer et al., 2006). The average 
t-scores and standard deviations of all voxels were calculated.

Functional connectivity analysis
FC was determined using a seed-based analysis approach. The mean time series of the preprocessed 
BOLD-fMRI signals for each dataset across all regions (refer to Table 1 for the list of regions) were 
extracted using the SPM toolbox Marseille Boîte À Région d’Intérêt (MarsBaR). Pairwise Pearson’s 
correlation coefficients were calculated between each pair of mean regional time series for every 
dataset. The Pearson’s r coefficients were converted into z values using Fischer’s transformation for 
group-level analysis. Fischer’s z-transformed correlation coefficients were then used to generate mean 
correlation matrices for both cohorts (Xia et al., 2013).

https://doi.org/10.7554/eLife.97864


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Ionescu et al. eLife 2024;13:RP97864. DOI: https://doi.org/10.7554/eLife.97864 � 12 of 17

Table 1. Brain regions included in the Schiffer rat brain atlas, including their respective volumes and abbreviations.

Brain region (ROI) Hemisphere ROI volume [mm3] Position on the correlation matrix Abbreviation

Nucleus Accumbens

left

7.944

1
NAc

right 2

Amygdala

left

21.120

3
Amyg

right 4

Dorsal Striatum

left

43.552

5
Str

right 6

Auditory Cortex

left

27.520

7
Au

right 8

Cingulate Cortex

left

14.480

9
Cg

right 10

Entorhinal Cortex

left

59.016

11
Ent

right 12

Insular Cortex

left

21.128

13
Ins

right 14

Medial Prefrontal Cortex

left

6.304

15
mPFC

right 16

Motor Cortex

left

32.608

17
M1

right 18

Orbitofrontal Cortex

left

18.936

19
OFC

right 20

Parietal Cortex

left

7.632

21
PaC

right 22

Retrosplenial Cortex

left

18.920

23
RS

right 24

Somatosensory Cortex

left

71.600

25
S1

right 26

Visual Cortex

left

36.136

27
V1

right 28

Anterodorsal Hippocampus

left

25.064

29
CA1

right 30

Posterior Hippocampus

left

9.784

31
CA1-p

right 32

Hypothalamus

left

18.352

33
Hyp

right 34

Olfactory Cortex

left

14.008

35
OC

right 36

Superior Colliculus
left

7.136
37

SC
right 38

Table 1 continued on next page
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Molecular connectivity analysis
The mean [11C]DASB signal from the preprocessed PET datasets was extracted from the designed 
regions, including the 48 regions used for fMRI data analysis and the cerebellum using MarsBaR. 
Binding potentials were calculated framewise for all dynamic PET scans using the DVR-1 (Equation 
1) to generate regional BPND values with the cerebellar gray matter as a reference region, which our 
earlier studies demonstrated to be the most appropriate for this tracer in rats (Walker et al., 2016; 
Walker et al., 2020):

	﻿‍
BPND = VT − VND

VND
= VT

VND
− 1 = DVR − 1

‍
 
�

(1)

where:

•	 ‍BPND‍ is the binding potential
•	 ‍VT ‍ is the total volume of distribution
•	 ‍VND‍ is the volume of distribution in a reference tissue
•	 ‍DVR‍ is the relative volume of distribution

To calculate the MC, we discarded the first 20 min of every scan, which were dominated by perfu-
sion effects, and applied a detrending approach to the remaining 60 min to obtain temporally stable 
values (for further details, please refer to the Supplementary Methods and Figure 1—figure supple-
ment 1). The BPND time courses were then used to calculate the MC as described above for fMRI: 
ROI-to-ROI subject-level correlation matrices between all regional time courses were generated, and 
z-transformed correlation coefficients were used to calculate mean correlation matrices.

Independent component analysis
Group ICA (GIFT toolbox, MIALAB, University of New Mexico, Albuquerque, NM, USA) was used for 
ICA in the baseline group. The fMRI and PET preprocessed datasets were investigated between 30 
and 80 min after the start of data acquisition. For fMRI, we selected ten independent components, 
while we started with two components for PET and increased the number to ten components to 
thoroughly dissect the varying components within the signal. The components were thresholded at 
a z-value ≥1.96 (p-value ≤0.05) (Di and Biswal, 2012), and average z-scores and standard deviations 
were calculated for each component. The physiological significance of the components was further 
explored by contrasting them with the regional [11C]DASB changes induced by MDMA. Accordingly, 
the z scores of the independent components generated in the baseline cohort were correlated with 
the early and late regional [11C]DASB changes induced by MDMA, measured using t scores.

Brain region (ROI) Hemisphere ROI volume [mm3] Position on the correlation matrix Abbreviation

Midbrain

left

11.448

39
MB

right 40

Ventral Tegmental Area

left

5.528

41
VTA

right 42

Inferior Colliculus

left

5.744

43
IC

right 44

Thalamus

left

30.712

45
Th

right 47

Periaqueductal Gray - 9.904 47 PAG

Septum - 9.36 48 Sep

Table 1 continued
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Schiffer brain atlas
The Schiffer brain atlas was used to parcelate the brains for ROI seed-based analysis into 23 bilateral 
regions, the periaqueductal gray (PAG) and the septum (Sep), resulting in a total number of 48 brain 
regions. A list of all regions and their respective abbreviations is provided in Error! Reference source 
not found. Table 1.

Radiotracer synthesis
[11C]DASB was synthesized similarly to the procedure reported by Wilson et al., 2000. Briefly, [11C]MeI 
was trapped in a solution of 2 mg precursor in 500 µl DMSO. After heating to 100 °C for 2 min, the 
reaction was diluted with 1.5 ml HPLC eluent (3 mM Na2HPO4 containing 64% MeCN) and purified on a 
Luna C18(2) column (250 mm × 10 mm, Phenomenex). The isolated peak was diluted with 70 ml water 
containing 20 mg sodium ascorbate, loaded onto a conditioned Strata-X cartridge (Phenomenex), 
eluted with 0.5 ml ethanol, and diluted with 5 ml phosphate-buffered saline.

DVR-1 detrending
We applied a piecewise linear detrend to remove remaining tracer uptake dynamics from the dynamic 
DVR-1 time series and its effect on the artificial inflation of correlation values in the early parts of the 
scan, before reaching a steady state, while only discarding the first 20 min of every scan, which were 
too strongly dominated by tracer uptake effects (Figure 1—figure supplement 1–).

Acknowledgements
This research was supported by funds from the Eberhard Karls University Tübingen Faculty of Medi-
cine (fortüne 2209-0-0 and 2409-0-0) to HFW, from Bundesministerium für Bildung und Forschung 
(BMBF, Grant No. 01GQ1415) to HFW and from the Carl Zeiss Foundation to KH.

Additional information

Funding

Funder Grant reference number Author

Eberhard Karls Universität 
Tübingen

fortüne 2209-0-0 Hans F Wehrl

Eberhard Karls Universität 
Tübingen

fortüne 2409-0-0 Hans F Wehrl

Bundesministerium für 
Bildung und Forschung

01GQ1415 Hans F Wehrl

Carl-Zeiss-Stiftung Kristina Herfert

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Tudor M Ionescu, Conceptualization, Software, Formal analysis, Validation, Visualization, Method-
ology, Writing – original draft, Writing – review and editing; Mario Amend, Supervision, Investigation, 
Writing – review and editing; Rakibul Hafiz, Software, Methodology, Writing – review and editing; 
Andreas Maurer, Methodology, Writing – review and editing; Bharat Biswal, Conceptualization, Soft-
ware, Supervision, Funding acquisition, Methodology, Writing – review and editing; Hans F Wehrl, 
Conceptualization, Supervision, Funding acquisition, Investigation, Project administration, Writing – 
review and editing; Kristina Herfert, Resources, Supervision, Funding acquisition, Project administra-
tion, Writing – review and editing

Author ORCIDs
Tudor M Ionescu ‍ ‍ https://orcid.org/0000-0002-7623-9566
Hans F Wehrl ‍ ‍ https://orcid.org/0000-0003-4692-3209

https://doi.org/10.7554/eLife.97864
https://orcid.org/0000-0002-7623-9566
https://orcid.org/0000-0003-4692-3209


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Ionescu et al. eLife 2024;13:RP97864. DOI: https://doi.org/10.7554/eLife.97864 � 15 of 17

Kristina Herfert ‍ ‍ https://orcid.org/0000-0003-0231-7717

Ethics
All experiments were in compliance with German federal regulations for experimental animals and 
received approval from theRegierungspräsidium Tübingen.

Peer review material
Reviewer #1 (Public review): https://doi.org/10.7554/eLife.97864.3.sa1
Reviewer #2 (Public review): https://doi.org/10.7554/eLife.97864.3.sa2
Author response https://doi.org/10.7554/eLife.97864.3.sa3

Additional files
Supplementary files
MDAR checklist 

Data availability
The data are openly available at Dryad (https://doi.org/10.5061/dryad.6djh9w1bf).

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier

Ionescu T, Amend 
M, Hafiz R, Maurer A, 
Biswal B, Wehrl HF, 
Herfert K

2024 Data from: Mapping 
serotonergic dynamics 
using drug-modulated 
molecular connectivity

https://​doi.​org/​10.​
5061/​dryad.​6djh9w1bf

Dryad Digital Repository, 
10.5061/dryad.6djh9w1bf

References
Amend M, Ionescu TM, Di X, Pichler BJ, Biswal BB, Wehrl HF. 2019. Functional resting-state brain connectivity is 

accompanied by dynamic correlations of application-dependent [18F]FDG PET-tracer fluctuations. NeuroImage 
196:161–172. DOI: https://doi.org/10.1016/j.neuroimage.2019.04.034, PMID: 30981858

Becerra L, Pendse G, Chang P-C, Bishop J, Borsook D. 2011. Robust reproducible resting state networks in the 
awake rodent brain. PLOS ONE 6:e25701. DOI: https://doi.org/10.1371/journal.pone.0025701, PMID: 
22028788

Biswal B, Yetkin FZ, Haughton VM, Hyde JS. 1995. Functional connectivity in the motor cortex of resting human 
brain using echo-planar MRI. Magnetic Resonance in Medicine 34:537–541. DOI: https://doi.org/10.1002/mrm.​
1910340409, PMID: 8524021

Blakely RD, Ramamoorthy S, Schroeter S, Qian Y, Apparsundaram S, Galli A, DeFelice LJ. 1998. Regulated 
phosphorylation and trafficking of antidepressant-sensitive serotonin transporter proteins. Biological Psychiatry 
44:169–178. DOI: https://doi.org/10.1016/s0006-3223(98)00124-3, PMID: 9693389

Buxton RB. 2012. Dynamic models of BOLD contrast. NeuroImage 62:953–961. DOI: https://doi.org/10.1016/j.​
neuroimage.2012.01.012, PMID: 22245339

Carhart-Harris RL, Murphy K, Leech R, Erritzoe D, Wall MB, Ferguson B, Williams LTJ, Roseman L, Brugger S, 
De Meer I, Tanner M, Tyacke R, Wolff K, Sethi A, Bloomfield MAP, Williams TM, Bolstridge M, Stewart L, 
Morgan C, Newbould RD, et al. 2015. The effects of acutely administered 3,4-Methylenedioxymethamphetami
ne on spontaneous brain function in healthy volunteers measured with arterial spin labeling and blood oxygen 
level-dependent resting state functional connectivity. Biological Psychiatry 78:554–562. DOI: https://doi.org/​
10.1016/j.biopsych.2013.12.015, PMID: 24495461

Di X, Biswal BB. 2012. Metabolic brain covariant networks as revealed by FDG-PET with reference to resting-state 
fMRI networks. Brain Connectivity 2:275–283. DOI: https://doi.org/10.1089/brain.2012.0086, PMID: 23025619

Dipasquale O, Selvaggi P, Veronese M, Gabay AS, Turkheimer F, Mehta MA. 2019. Receptor-Enriched Analysis of 
functional connectivity by targets (REACT): a novel, multimodal analytical approach informed by PET to study 
the pharmacodynamic response of the brain under MDMA. NeuroImage 195:252–260. DOI: https://doi.org/10.​
1016/j.neuroimage.2019.04.007, PMID: 30953835

Disselhorst JA, Newport DF, Schmid AM, Schmidt FP, Parl C, Liu CC, Pichler BJ, Mannheim JG. 2022. NEMA NU 
4-2008 performance evaluation and MR compatibility tests of an APD-based small animal PET-insert for 
simultaneous PET/MR imaging. Physics in Medicine and Biology 67:e499d. DOI: https://doi.org/10.1088/1361-​
6560/ac499d, PMID: 35171115

Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. 2005. The human brain is intrinsically 
organized into dynamic, anticorrelated functional networks. PNAS 102:9673–9678. DOI: https://doi.org/10.​
1073/pnas.0504136102, PMID: 15976020

https://doi.org/10.7554/eLife.97864
https://orcid.org/0000-0003-0231-7717
https://doi.org/10.7554/eLife.97864.3.sa1
https://doi.org/10.7554/eLife.97864.3.sa2
https://doi.org/10.7554/eLife.97864.3.sa3
https://doi.org/10.5061/dryad.6djh9w1bf
https://doi.org/10.5061/dryad.6djh9w1bf
https://doi.org/10.5061/dryad.6djh9w1bf
https://doi.org/10.1016/j.neuroimage.2019.04.034
http://www.ncbi.nlm.nih.gov/pubmed/30981858
https://doi.org/10.1371/journal.pone.0025701
http://www.ncbi.nlm.nih.gov/pubmed/22028788
https://doi.org/10.1002/mrm.1910340409
https://doi.org/10.1002/mrm.1910340409
http://www.ncbi.nlm.nih.gov/pubmed/8524021
https://doi.org/10.1016/s0006-3223(98)00124-3
http://www.ncbi.nlm.nih.gov/pubmed/9693389
https://doi.org/10.1016/j.neuroimage.2012.01.012
https://doi.org/10.1016/j.neuroimage.2012.01.012
http://www.ncbi.nlm.nih.gov/pubmed/22245339
https://doi.org/10.1016/j.biopsych.2013.12.015
https://doi.org/10.1016/j.biopsych.2013.12.015
http://www.ncbi.nlm.nih.gov/pubmed/24495461
https://doi.org/10.1089/brain.2012.0086
http://www.ncbi.nlm.nih.gov/pubmed/23025619
https://doi.org/10.1016/j.neuroimage.2019.04.007
https://doi.org/10.1016/j.neuroimage.2019.04.007
http://www.ncbi.nlm.nih.gov/pubmed/30953835
https://doi.org/10.1088/1361-6560/ac499d
https://doi.org/10.1088/1361-6560/ac499d
http://www.ncbi.nlm.nih.gov/pubmed/35171115
https://doi.org/10.1073/pnas.0504136102
https://doi.org/10.1073/pnas.0504136102
http://www.ncbi.nlm.nih.gov/pubmed/15976020


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Ionescu et al. eLife 2024;13:RP97864. DOI: https://doi.org/10.7554/eLife.97864 � 16 of 17

Grandjean J, Desrosiers-Gregoire G, Anckaerts C, Angeles-Valdez D, Ayad F, Barrière DA, Blockx I, Bortel A, 
Broadwater M, Cardoso BM, Célestine M, Chavez-Negrete JE, Choi S, Christiaen E, Clavijo P, Colon-Perez L, 
Cramer S, Daniele T, Dempsey E, Diao Y, et al. 2023. A consensus protocol for functional connectivity analysis 
in the rat brain. Nature Neuroscience 26:673–681. DOI: https://doi.org/10.1038/s41593-023-01286-8, PMID: 
36973511

Hahn A, Lanzenberger R, Wadsak W, Spindelegger C, Moser U, Mien L-K, Mitterhauser M, Kasper S. 2010. 
Escitalopram enhances the association of serotonin-1A autoreceptors to heteroreceptors in anxiety disorders. 
The Journal of Neuroscience 30:14482–14489. DOI: https://doi.org/10.1523/JNEUROSCI.2409-10.2010, PMID: 
20980606

Hahn A, Haeusler D, Kraus C, Höflich AS, Kranz GS, Baldinger P, Savli M, Mitterhauser M, Wadsak W, 
Karanikas G, Kasper S, Lanzenberger R. 2014. Attenuated serotonin transporter association between dorsal 
raphe and ventral striatum in major depression. Human Brain Mapping 35:3857–3866. DOI: https://doi.org/10.​
1002/hbm.22442, PMID: 24443158

Hahn A, Lanzenberger R, Kasper S. 2019. Making sense of connectivity. The International Journal of 
Neuropsychopharmacology 22:194–207. DOI: https://doi.org/10.1093/ijnp/pyy100, PMID: 30544240

Hutchison RM, Hutchison M, Manning KY, Menon RS, Everling S. 2014. Isoflurane induces dose-dependent 
alterations in the cortical connectivity profiles and dynamic properties of the brain’s functional architecture. 
Human Brain Mapping 35:5754–5775. DOI: https://doi.org/10.1002/hbm.22583, PMID: 25044934

Ionescu TM, Amend M, Hafiz R, Biswal BB, Maurer A, Pichler BJ, Wehrl HF, Herfert K. 2021a. Striatal and 
prefrontal D2R and SERT distributions contrastingly correlate with default-mode connectivity. NeuroImage 
243:118501. DOI: https://doi.org/10.1016/j.neuroimage.2021.118501, PMID: 34428573

Ionescu TM, Amend M, Hafiz R, Biswal BB, Wehrl HF, Herfert K, Pichler BJ. 2021b. Elucidating the 
complementarity of resting-state networks derived from dynamic [18F]FDG and hemodynamic fluctuations using 
simultaneous small-animal PET/MRI. NeuroImage 236:118045. DOI: https://doi.org/10.1016/j.neuroimage.​
2021.118045, PMID: 33848625

Ionescu TM, Amend M, Watabe T, Hatazawa J, Maurer A, Reischl G, Pichler BJ, Wehrl HF, Herfert K. 2023. 
Neurovascular uncoupling: multimodal imaging delineates the acute effects of 3,4-Methylenedioxymethamphe
tamine. Journal of Nuclear Medicine 64:466–471. DOI: https://doi.org/10.2967/jnumed.122.264391, PMID: 
36175138

James GM, Baldinger-Melich P, Philippe C, Kranz GS, Vanicek T, Hahn A, Gryglewski G, Hienert M, Spies M, 
Traub-Weidinger T, Mitterhauser M, Wadsak W, Hacker M, Kasper S, Lanzenberger R. 2017. Effects of selective 
serotonin reuptake inhibitors on interregional relation of serotonin transporter availability in major depression. 
Frontiers in Human Neuroscience 11:48. DOI: https://doi.org/10.3389/fnhum.2017.00048, PMID: 28220069

Jayanthi LD, Samuvel DJ, Blakely RD, Ramamoorthy S. 2005. Evidence for biphasic effects of protein kinase C on 
serotonin transporter function, endocytosis, and phosphorylation. Molecular Pharmacology 67:2077–2087. 
DOI: https://doi.org/10.1124/mol.104.009555, PMID: 15774771

Jonckers E, Shah D, Hamaide J, Verhoye M, Van der Linden A. 2015. The power of using functional fMRI on 
small rodents to study brain pharmacology and disease. Frontiers in Pharmacology 6:231. DOI: https://doi.org/​
10.3389/fphar.2015.00231, PMID: 26539115

Judenhofer MS, Wehrl HF, Newport DF, Catana C, Siegel SB, Becker M, Thielscher A, Kneilling M, Lichy MP, 
Eichner M, Klingel K, Reischl G, Widmaier S, Röcken M, Nutt RE, Machulla H-J, Uludag K, Cherry SR, 
Claussen CD, Pichler BJ. 2008. Simultaneous PET-MRI: a new approach for functional and morphological 
imaging. Nature Medicine 14:459–465. DOI: https://doi.org/10.1038/nm1700, PMID: 18376410

Lanzenberger R, Kranz GS, Haeusler D, Akimova E, Savli M, Hahn A, Mitterhauser M, Spindelegger C, 
Philippe C, Fink M, Wadsak W, Karanikas G, Kasper S. 2012. Prediction of SSRI treatment response in major 
depression based on serotonin transporter interplay between median raphe nucleus and projection areas. 
NeuroImage 63:874–881. DOI: https://doi.org/10.1016/j.neuroimage.2012.07.023

Lau T, Schloss P. 2012. Differential regulation of serotonin transporter cell surface expression. Wiley 
Interdisciplinary Reviews 1:259–268. DOI: https://doi.org/10.1002/wmts.10

Lefevre A, Richard N, Jazayeri M, Beuriat P-A, Fieux S, Zimmer L, Duhamel J-R, Sirigu A. 2017. Oxytocin and 
serotonin brain mechanisms in the nonhuman primate. The Journal of Neuroscience 37:6741–6750. DOI: 
https://doi.org/10.1523/JNEUROSCI.0659-17.2017, PMID: 28607170

Lundquist P, Roman M, Syvänen S, Hartvig P, Blomquist G, Hammarlund-Udenaes M, Långström B. 2007. Effect 
on [11C]DASB binding after tranylcypromine-induced increase in serotonin concentration: positron emission 
tomography studies in monkeys and rats. Synapse 61:440–449. DOI: https://doi.org/10.1002/syn.20382, PMID: 
17372973

Paterson LM, Tyacke RJ, Nutt DJ, Knudsen GM. 2010. Measuring endogenous 5-HT release by emission 
tomography: promises and pitfalls. Journal of Cerebral Blood Flow and Metabolism 30:1682–1706. DOI: 
https://doi.org/10.1038/jcbfm.2010.104, PMID: 20664611

Raichle ME, Gusnard DA. 2002. Appraising the brain’s energy budget. PNAS 99:10237–10239. DOI: https://doi.​
org/10.1073/pnas.172399499, PMID: 12149485

Ramamoorthy S, Blakely RD. 1999. Phosphorylation and sequestration of serotonin transporters differentially 
modulated by psychostimulants. Science 285:763–766. DOI: https://doi.org/10.1126/science.285.5428.763, 
PMID: 10427004

Roseman L, Leech R, Feilding A, Nutt DJ, Carhart-Harris RL. 2014. The effects of psilocybin and MDMA on 
between-network resting state functional connectivity in healthy volunteers. Frontiers in Human Neuroscience 
8:204. DOI: https://doi.org/10.3389/fnhum.2014.00204, PMID: 24904346

https://doi.org/10.7554/eLife.97864
https://doi.org/10.1038/s41593-023-01286-8
http://www.ncbi.nlm.nih.gov/pubmed/36973511
https://doi.org/10.1523/JNEUROSCI.2409-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20980606
https://doi.org/10.1002/hbm.22442
https://doi.org/10.1002/hbm.22442
http://www.ncbi.nlm.nih.gov/pubmed/24443158
https://doi.org/10.1093/ijnp/pyy100
http://www.ncbi.nlm.nih.gov/pubmed/30544240
https://doi.org/10.1002/hbm.22583
http://www.ncbi.nlm.nih.gov/pubmed/25044934
https://doi.org/10.1016/j.neuroimage.2021.118501
http://www.ncbi.nlm.nih.gov/pubmed/34428573
https://doi.org/10.1016/j.neuroimage.2021.118045
https://doi.org/10.1016/j.neuroimage.2021.118045
http://www.ncbi.nlm.nih.gov/pubmed/33848625
https://doi.org/10.2967/jnumed.122.264391
http://www.ncbi.nlm.nih.gov/pubmed/36175138
https://doi.org/10.3389/fnhum.2017.00048
http://www.ncbi.nlm.nih.gov/pubmed/28220069
https://doi.org/10.1124/mol.104.009555
http://www.ncbi.nlm.nih.gov/pubmed/15774771
https://doi.org/10.3389/fphar.2015.00231
https://doi.org/10.3389/fphar.2015.00231
http://www.ncbi.nlm.nih.gov/pubmed/26539115
https://doi.org/10.1038/nm1700
http://www.ncbi.nlm.nih.gov/pubmed/18376410
https://doi.org/10.1016/j.neuroimage.2012.07.023
https://doi.org/10.1002/wmts.10
https://doi.org/10.1523/JNEUROSCI.0659-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28607170
https://doi.org/10.1002/syn.20382
http://www.ncbi.nlm.nih.gov/pubmed/17372973
https://doi.org/10.1038/jcbfm.2010.104
http://www.ncbi.nlm.nih.gov/pubmed/20664611
https://doi.org/10.1073/pnas.172399499
https://doi.org/10.1073/pnas.172399499
http://www.ncbi.nlm.nih.gov/pubmed/12149485
https://doi.org/10.1126/science.285.5428.763
http://www.ncbi.nlm.nih.gov/pubmed/10427004
https://doi.org/10.3389/fnhum.2014.00204
http://www.ncbi.nlm.nih.gov/pubmed/24904346


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Ionescu et al. eLife 2024;13:RP97864. DOI: https://doi.org/10.7554/eLife.97864 � 17 of 17

Sala A, Lizarraga A, Caminiti SP, Calhoun VD, Eickhoff SB, Habeck C, Jamadar SD, Perani D, Pereira JB, 
Veronese M, Yakushev I. 2023. Brain connectomics: time for a molecular imaging perspective? Trends in 
Cognitive Sciences 27:353–366. DOI: https://doi.org/10.1016/j.tics.2022.11.015, PMID: 36621368

Salomon RM, Cowan RL. 2013. Oscillatory serotonin function in depression. Synapse 67:801–820. DOI: https://​
doi.org/10.1002/syn.21675, PMID: 23592367

Salvan P, Fonseca M, Winkler AM, Beauchamp A, Lerch JP, Johansen-Berg H. 2023. Serotonin regulation of 
behavior via large-scale neuromodulation of serotonin receptor networks. Nature Neuroscience 26:53–63. DOI: 
https://doi.org/10.1038/s41593-022-01213-3, PMID: 36522497

Sander CY, Hooker JM, Catana C, Normandin MD, Alpert NM, Knudsen GM, Vanduffel W, Rosen BR, 
Mandeville JB. 2013. Neurovascular coupling to D2/D3 dopamine receptor occupancy using simultaneous PET/
functional MRI. PNAS 110:11169–11174. DOI: https://doi.org/10.1073/pnas.1220512110, PMID: 23723346

Schiffer WK, Mirrione MM, Biegon A, Alexoff DL, Patel V, Dewey SL. 2006. Serial microPET measures of the 
metabolic reaction to a microdialysis probe implant. Journal of Neuroscience Methods 155:272–284. DOI: 
https://doi.org/10.1016/j.jneumeth.2006.01.027, PMID: 16519945

Silberbauer LR, Gryglewski G, Berroterán-Infante N, Rischka L, Vanicek T, Pichler V, Hienert M, Kautzky A, 
Philippe C, Godbersen GM, Vraka C, James GM, Wadsak W, Mitterhauser M, Hacker M, Kasper S, Hahn A, 
Lanzenberger R. 2019. Serotonin transporter binding in the human brain after pharmacological challenge 
measured using PET and PET/MR. Frontiers in Molecular Neuroscience 12:172. DOI: https://doi.org/10.3389/​
fnmol.2019.00172, PMID: 31354428

Steiner JA, Carneiro AMD, Blakely RD. 2008. Going with the flow: trafficking-dependent and -independent 
regulation of serotonin transport. Traffic 9:1393–1402. DOI: https://doi.org/10.1111/j.1600-0854.2008.00757.x, 
PMID: 18445122

Talbot PS, Frankle WG, Hwang DR, Huang Y, Suckow RF, Slifstein M, Abi-Dargham A, Laruelle M. 2005. Effects of 
reduced endogenous 5-HT on the in vivo binding of the serotonin transporter radioligand 11C-DASB in healthy 
humans. Synapse 55:164–175. DOI: https://doi.org/10.1002/syn.20105, PMID: 15605360

Vanicek T, Kutzelnigg A, Philippe C, Sigurdardottir HL, James GM, Hahn A, Kranz GS, Höflich A, Kautzky A, 
Traub-Weidinger T, Hacker M, Wadsak W, Mitterhauser M, Kasper S, Lanzenberger R. 2017. Altered 
interregional molecular associations of the serotonin transporter in attention deficit/hyperactivity disorder 
assessed with PET. Human Brain Mapping 38:792–802. DOI: https://doi.org/10.1002/hbm.23418, PMID: 
27770470

Walker M, Ehrlichmann W, Stahlschmidt A, Pichler BJ, Fischer K. 2016. In vivo evaluation of 11C-DASB for 
quantitative SERT imaging in rats and mice. Journal of Nuclear Medicine 57:115–121. DOI: https://doi.org/10.​
2967/jnumed.115.163683, PMID: 26514178

Walker M, Kuebler L, Goehring CM, Pichler BJ, Herfert K. 2020. Imaging SERT availability in a rat model of 
L-DOPA-Induced Dyskinesia. Molecular Imaging and Biology 22:634–642. DOI: https://doi.org/10.1007/​
s11307-019-01418-2, PMID: 31392531

Wehrl HF, Hossain M, Lankes K, Liu C-C, Bezrukov I, Martirosian P, Schick F, Reischl G, Pichler BJ. 2013. 
Simultaneous PET-MRI reveals brain function in activated and resting state on metabolic, hemodynamic and 
multiple temporal scales. Nature Medicine 19:1184–1189. DOI: https://doi.org/10.1038/nm.3290, PMID: 
23975025

Wilson AA, Ginovart N, Schmidt M, Meyer JH, Threlkeld PG, Houle S. 2000. Novel radiotracers for imaging the 
serotonin transporter by positron emission tomography: synthesis, radiosynthesis, and in vitro and ex vivo 
evaluation of (11)C-labeled 2-(phenylthio)araalkylamines. Journal of Medicinal Chemistry 43:3103–3110. DOI: 
https://doi.org/10.1021/jm000079i, PMID: 10956218

Xia M, Wang J, He Y. 2013. BrainNet Viewer: A network visualization tool for human brain connectomics. PLOS 
ONE 8:e68910. DOI: https://doi.org/10.1371/journal.pone.0068910, PMID: 23861951

Yamamoto S, Onoe H, Tsukada H, Watanabe Y. 2007. Effects of increased endogenous serotonin on the in vivo 
binding of [11C]DASB to serotonin transporters in conscious monkey brain. Synapse 61:724–731. DOI: https://​
doi.org/10.1002/syn.20422, PMID: 17559093

Yang H, Thompson AB, McIntosh BJ, Altieri SC, Andrews AM. 2013. Physiologically relevant changes in serotonin 
resolved by fast microdialysis. ACS Chemical Neuroscience 4:790–798. DOI: https://doi.org/10.1021/​
cn400072f, PMID: 23614776

https://doi.org/10.7554/eLife.97864
https://doi.org/10.1016/j.tics.2022.11.015
http://www.ncbi.nlm.nih.gov/pubmed/36621368
https://doi.org/10.1002/syn.21675
https://doi.org/10.1002/syn.21675
http://www.ncbi.nlm.nih.gov/pubmed/23592367
https://doi.org/10.1038/s41593-022-01213-3
http://www.ncbi.nlm.nih.gov/pubmed/36522497
https://doi.org/10.1073/pnas.1220512110
http://www.ncbi.nlm.nih.gov/pubmed/23723346
https://doi.org/10.1016/j.jneumeth.2006.01.027
http://www.ncbi.nlm.nih.gov/pubmed/16519945
https://doi.org/10.3389/fnmol.2019.00172
https://doi.org/10.3389/fnmol.2019.00172
http://www.ncbi.nlm.nih.gov/pubmed/31354428
https://doi.org/10.1111/j.1600-0854.2008.00757.x
http://www.ncbi.nlm.nih.gov/pubmed/18445122
https://doi.org/10.1002/syn.20105
http://www.ncbi.nlm.nih.gov/pubmed/15605360
https://doi.org/10.1002/hbm.23418
http://www.ncbi.nlm.nih.gov/pubmed/27770470
https://doi.org/10.2967/jnumed.115.163683
https://doi.org/10.2967/jnumed.115.163683
http://www.ncbi.nlm.nih.gov/pubmed/26514178
https://doi.org/10.1007/s11307-019-01418-2
https://doi.org/10.1007/s11307-019-01418-2
http://www.ncbi.nlm.nih.gov/pubmed/31392531
https://doi.org/10.1038/nm.3290
http://www.ncbi.nlm.nih.gov/pubmed/23975025
https://doi.org/10.1021/jm000079i
http://www.ncbi.nlm.nih.gov/pubmed/10956218
https://doi.org/10.1371/journal.pone.0068910
http://www.ncbi.nlm.nih.gov/pubmed/23861951
https://doi.org/10.1002/syn.20422
https://doi.org/10.1002/syn.20422
http://www.ncbi.nlm.nih.gov/pubmed/17559093
https://doi.org/10.1021/cn400072f
https://doi.org/10.1021/cn400072f
http://www.ncbi.nlm.nih.gov/pubmed/23614776

	Mapping serotonergic dynamics using drug-­modulated molecular connectivity in rats
	eLife Assessment
	Introduction
	Results
	Comparability of MC and FC in spatial contexts and over time
	Deciphering the spatial characteristics of FC and MC using ICA
	MDMA-induced changes in ICA-derived molecular connectivity
	MDMA-induced changes in seed-based molecular connectivity

	Discussion
	Physiological basis
	Implications for the whole-brain serotonergic system
	Relevance to prior research
	Study limitations and future directions

	Materials and methods
	Animals
	Simultaneous PET/fMRI experiments
	Data preprocessing and analysis
	Functional connectivity analysis
	Molecular connectivity analysis
	Independent component analysis
	Schiffer brain atlas
	Radiotracer synthesis
	DVR-1 detrending

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Peer review material

	Additional files
	Supplementary files

	References


