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15 Abstract

16  Brain imaging plays a critical role in unraveling the complex functional architecture of
17 animal and human brains. However, individual imaging modalities often face
18 limitations confining them to narrow physiological perspectives. Our study introduces
19 “Molecular connectivity” (MC), a novel concept in imaging that provides a detailed
20 view of molecular interactions and their implications for brain functionality. This
21 research bridges the gap between functional magnetic resonance imaging (fMRI)
22  which tracks neurovascular dynamics, and positron emission tomography (PET),
23 revealing molecular changes at the receptor level. The integration of these
24 techniques can enhance our comprehension of brain-wide effects of drugs. In this
25 study, we delve deeper into this integration by extracting molecular connectivity (MC)
26 at the individual subject level using dynamic [*'!C]DASB PET scans, which map
27  serotonin transporters (SERT). We particularly focus on assessing the ability of this
28 method to track pharmacological alterations introduced by
29 methylenedioxymethamphetamine (MDMA).

30 Our comprehensive analysis involves a comparison between MC and functional
31 connectivity (FC), utilizing seed-based and independent component analysis (ICA)
32 during resting states. We identified significant, physiologically pertinent independent
33 components with the ['!C]DASB data, thereby enhancing the interpretation of FC
34 results. Remarkably, we observed pronounced changes in MC following a single
35 MDMA administration with strong correlations between resting state MC and the
36 spatial-temporal patterns of MDMA’s effect on SERT occupancy.

37 This research marks a pioneering effort in investigating subject-level MC using PET
38 imaging. Our findings suggests that these advanced imaging techniques can
39 substantially refine our understanding of how drugs influence the overarching

40 functional organization of the brain.
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42 Introduction

43 The field of neuroscience has witnessed remarkable advancements over the past
44  decade, particularly propelled by the advent of innovative imaging techniques. The
45 simultaneous application of positron emission tomography (PET) and magnetic
46 resonance imaging (MRI) has revolutionized our ability to concurrently assess brain
47  function across various physiological dimensions [1, 2]. This is especially true in the
48 context of drug effect evaluations. The combination of PET with functional MRI (fMRI)
49 has opened a plethora of investigative avenues. Techniques such as resting-state
50 functional connectivity (rs-FC) [3] or pharmacological fMRI (phMRI) [4] are now
51 complemented by the capability of PET to quantify molecular changes, including

52 alterations in receptor and transporter availability [5].

53 While fMRI provides high spatial and temporal resolution, the interpretation of its
54  readout necessitates caution. The Blood-Oxygen-Level-Dependent (BOLD) signal
55 used in fMRI indirectly captures neuronal changes through neurovascular coupling
56 [6]. This only reveals the hemodynamic consequences of molecular-level drug
57 effects. The integration of simultaneous PET acquisition can bridge this interpretative
58 gap by offering essential molecular insights, particularly regarding transporter or
59 receptor alterations. Typically, PET, used either independently or simultaneously to
60 fMRI, has been mainly used in pharmacological studies for illustrating quantitative
61 shifts in neuroreceptor or transporter availabilities [7]. Several studies have also
62 explored the interregional coherence of PET tracer signals [8-10], an approach akin
63 to fMRI-derived rs-FC. While subject-wise metabolic connectivity using [**F]FDG-PET
64 has been established through the temporal correlation of regional PET signals [1, 8],
65 studies employing transporter or receptor tracers have predominantly focused on
66 interregional binding coherences across subjects using static scans [9, 10]. The
67 concept and feasibility of molecular connectivity (MC) through the temporal
68 correlation of dynamic binding potentials of transporter or receptor tracers have yet to
69 be explored.

70 In our study, we investigate the feasibility of deriving MC from dynamic [*'C]DASB-
71 PET scans acquired simultaneously with fMRI in rats. We divided the rats into two
72  cohorts: a baseline group and a pharmacological application group, exposed to 3,4-
73  methyldeoxymetamphetamine (MDMA). The baseline cohort served to assess the

74  feasibility of the novel methodology, contrasting it with traditional fMRI-derived rs-FC
3
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75  with a specific focus on temporal stability. We postulated that dynamic [**C]DASB
76 PET temporal fluctuations could be harnessed for connectivity data, in a manner
77 similar to hemodynamic rs-FC, using seed-based and independent component
78 analysis (ICA).

79 The second cohort, subjected to an MDMA challenge allowed us to evaluate the
80 utility of our novel approach. We aimed to outline the effects of MDMA by integrating
81 the innovative MC concept with established analysis techniques. Our primary
82 objective of this research was to elucidate the potential of PET-derived MC in
83 conjunction with simultaneous PET/fMRI, exploring the avenues this methodology

84  could open for future diagnostic and drug development studies.

85 Material and Methods

86  Our study reevaluates two distinct datasets previously published by our group [11,
87 12], to simultaneously explore FC and MC both at baseline conditions [12] and
88 following MDMA administration [11]. For detailed descriptions on animal handling,
89 experimental setups, and data acquisition procedures, please refer to these earlier

90 publications.
91 Animals

92 A total of 41 male Lewis rats were obtained from Charles River Laboratories
93  (Sulzfeld, Germany). Thirty rats underwent baseline ["'C]DASB PET/MRI scans
94 without any pharmacological intervention, while 11 rats underwent [“'C]DASB
95 PET/AMRI scans including an acute MDMA challenge. All experiments were
96 conducted in compliance with German federal regulations for experimental animals

97 and received approval from the Regierungsprésidium Tubingen.
98 Simultaneous PET/fMRI Experiments

99 The rats were subjected to simultaneous PET/fMRI experiments involving 1.3%
100 isoflurane anesthesia, tail vein catheterization, positioning on a temperature-
101 controlled bed, and monitoring vital signs. The scans were performed using a 7T
102 small-animal ClinScan MRI scanner (Bruker Biospin, Ettlingen, Germany) with a
103 custom-developed PET insert [13]. Both the scanning protocol and the sequence

104  parameters have been outlined in detail in our previous publication [11]. The MDMA
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105 cohort received a pharmacological MDMA challenge of 3.2 mg/kg intravenously 40

106 minutes after tracer injection.
107 Data Preprocessing and Analysis

108 Data preprocessing followed established protocols, including steps such as
109 realignment, mask creation, coregistration, spatial normalization, signal cleaning, and
110 spatial smoothing, as detailed in our previous work [11]. For the MDMA dataset, PET
111  scans were analyzed for early and late effects post-challenge using the general linear
112  model (GLM) available in SPM. For both datasets the baseline was defined 30 to 40
113 minutes after scan start. For the fMRI data a first level analysis was applied to the
114 individual scans without a high-pass filter (the filter was set to “Inf”). Statistical
115 parametric maps were generated post GLM parameter estimation using contrast
116 vectors. Group-level analysis involved a one-sample t-test on the subject-level

117  statistical parametric maps (p < 0.05, one-sided, family wise error / FWE-adjusted).

118  Static PET scans were generated by summing dynamic frames over defined periods
119 for 10-minute periods after the MDMA challenge (50-60 minutes to investigate early
120 effects, and 70-80 minutes to investigate late MDMA effects). Two-sample t-maps
121  were calculated between the normalized [''C]DASB uptakes of (1) the baseline scan
122  period and the early effect time period and of (2) the early effect time period and the
123 late effect time period (p < 0.05, FWE-adjusted).

124  All group-level t-maps underwent voxel-wise signal quantification to determine the
125 regional contributions of 48 regions selected according to the Schiffer atlas [14].

126  Average t-scores and standard deviations of all voxels were calculated.
127  Functional Connectivity Analysis

128 Functional connectivity was determined using a seed-based analysis approach. The
129 mean time series of the pre-processed BOLD-fMRI signals for each dataset across
130 all regions (refer to Supplementary Table 1 for the list of regions) were extracted
131  using SPM toolbox Marseille Boite A Région d’Intérét (MarsBaR). Pairwise Pearson’s
132 correlation coefficients were calculated between each pair of mean regional time-
133 series for every dataset. The Pearson’s r coefficients were converted into z-values

134 using Fischer’s transformation for group-level analysis. The Fischer’'s z-transformed
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135 correlation coefficients were then used to generate mean correlation matrices for
136  both cohorts [15].

137 Molecular connectivity analysis

138  The mean [*'C]DASB signal from the preprocessed PET datasets was extracted from
139 the designed regions, including the 48 regions used for fMRI data analysis and the
140 cerebellum using MarsBaR. Binding potentials were calculated frame-wise for all
141  dynamic PET scans using the DVR-1 (equation 1) to generate regional BPyp values

142  using the cerebellum as a reference region [16]:

143 BPy, = =0 - YT _ 1 - pyRp—1,
VnD VND

144  where:

145 e BPy; is the binding potential

146 e V; is the total volume of distribution

147 e Vyp is the volume of distribution in a reference tissue

148 e DVR is the relative volume of distribution

149 To calculate MC, we discarded the first 20 minutes of every scan, which were
150 dominated by perfusion effects and applied a detrending approach on the remaining
151 60 minutes in order to obtain temporally stable values (for further details, please refer
152 to Supplementary Methods and Supplementary Figure 1). The BPyp time courses
153 were then used to calculate MC as described above for fMRI: subject-level
154  correlation matrices between all regional time courses were generate and z-
155 transformed correlation coefficients were used to calculate mean correlation

156 matrices.
157 Independent Component Analysis

158 Group ICA (GIFT toolbox, MIALAB, University of New Mexico, Albuquerque, NM,
159 USA) was used for ICA of the baseline group. Both the fMRI and PET preprocessed
160 data sets were investigated between 30 and 80 minutes after start of data
161 acquisition. For fMRI, we selected 10 independent components, while we started with
162 two components for PET and increased the number to ten components to thoroughly
163 dissect the varying components within the signal. Components were thresholded at a

164  z-vlaue 2 1.96 (p-value = 0.05) [17] and average z-scores and standard deviations
6
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165 were calculated for each component. These components' physiological significance
166 was further explored by contrasting them with the regional [11C]DASB changes
167 induced by MDMA. Accordingly, the z-scores of the independent components
168 generated in the baseline cohort were correlated with the early and late regional
169 [*'C]DASB changes induced by MDMA, measured using t-scores.

170 Results

171 Comparability of MC and FC in spatial contexts and over time

172 We first aimed to evaluate whether MC aligns spatially with FC, possesses similar
173 graph theory properties and provides consistent temporal readouts throughout the

174  scan duration in the baseline group (Figure 1).
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176 Figure 1: Evaluation of seed-based MC. (A) Correlation matrix indicating whole-brain FC (beneath
177  diagonal) and MC (above diagonal). Correlations not surviving significance testing with multiple
178 comparison corrections were set to zero (p < 0.05, FWE correction). (B) Scatter plot and correlation
179  between MC and FC edges. (C) Small-world coefficients for all subjects and group-level one-sample t-
180 test against the value of 1 (SW > 1 is considered as indicative of small-world properties). Copmarison
181 of (D) FC and (G) MC early (20-40 minutes after scan start, below diagonal) and late (60-80 minutes
182  after scan start, above diagonal). The similarties of early and late readouts were quantified for both (E)
183 FC and (H) MC. Temporal stability of both (F) FC and () MC was evaluated using a sliding window
184  approach including 20-minute windows between 20 and 80 minutes after scan start. Abbreviations: FC
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185 = fMRI-derived hemodynamic functional connectivity, MC = [“'C]JDASB PET-derived molecular
186  connectivity.

187 We found moderate, but significant correlation between the edge-level MC and FC (r
188 =0.51, p <0.001, Figure 1A and B). Furthermore, both connectomes revealed small-
189  world properties at group-level, with coefficients higher than 1 (Figure 1C). At subject
190 level, three molecular and four functional connectomes fell below the threshold of 1
191 for the small-world coefficient. A significant consistency was observed betweeen
192 early and late scan-derived connectomes (Figure 1D for FC, G for MC), with FC
193 having a slight edge (Figure 1E, r = 0.96) over MC (Figure 1H, r = 0.8). While both,
194 FC and MC maintained steady correlation intensities, there was a negligable decline

195 over the scan duration (Figure 1F and 1l).
196 Deciphering spatial characteristics of FC and MC using ICA

197 After establishing the feasibility of obtaining temporally stable readouts using the
198 ROI-t0-ROI approach, we employed a data-driven approach, using ICA, to compare

199 spatial characteristics of FC and MC (Figure 2).
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201 Figure 2: Group independent component analysis for FC and MC. (A) ICA performed over 10
202  components for fMRI. (B) ICA performed over 2 components for ["'CJDASB PET and regional
203  quantification of the two derived components. The ICA was repeated over 10 components. Four and
204  three components showed good overlap with the two components defined above. All components
205  were thresholded at z > 1.96 (p < 0.05). Abbreviations: FC = fMRI-derived hemodynamic functional
206  connectivity, MC = [""C]DASB PET-derived molecular connectivity.
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207 We extracted ten group ICs from the fMRI data (Figure 2A), revealing known
208 canonical resting-state networks, such as the posterior default-mode-like network
209 (IC1-5, red), sensorimotor networks (IC1-5, green and purple), the anterior default-
210 mode-like network (IC6-10, yellow) or the visual network (IC6-10, red). With
211 unpredictability for the number of ICs suitable for MC IC extraction, we started with
212 two components (Figure 2B). IC1 (orange) comprised both subcortical and cortical
213 anterior brain regions, including the nucleus accumbens, amygdala, cingulate cortex,
214 caudate putamen, orbitofrontal cortex and medial prefrontal cortex, while IC2 (blue)
215 primarily received contributions from deeper posterior areas, such as the midbrain,
216 thalamus, hypothalamus, periaquaeductal gray and medulla. Interestingly, when we
217 extracted 10 independent components, to mimic the number of components used for
218 the FC data, we found that the initial anterior component split in four different ICs and
219 the initial posterior IC in three different ICs. A relatively clear spatial segregation can
220 be seen for the newly-formed ICs, for instance the three posterior components being
221 extracted from specific regions (green mainly from medulla, red from hypothalamus

222  and part of the midbrain, blue from midbrain and thalamus).
223 MDMA-induced changes of ICA-derived molecular connectivity

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

11
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228  Figure 3: Comparison of MDMA-induced ['C]DASB alterations. (A) Left panel: Dynamic binding
229  potentials of regions comprising SERT network, defined by IC 1 in validation cohort. Right panel:
230 Dynamic binding potentials of regions comprising salience network, defined by IC 1 in validation
231  cohort. (B) Overlap between independent components extracted from the validation cohort (IC 1 =
232  SERT network; IC 2 = salience network) and the early and late effects of MDMA respectively. (C) Pair-
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233  wise correlations between regional z-scores of the ICs extracted from validation cohort and regional t-
234  scores of early and late MDMA effects. (*** indicates p < 0.001, ns = non-significant). Abbreviations:
235  SERT = serotonin transporter, ICA = independent component analysis; for abbreviations of regions
236  please refer to Supplementary Information).

237 Two IC extracted from the MC showed good overlap with regions associated with the
238 salience network (IC1) and with those having high SERT densities (IC2). Therefore,
239 we defined the regions contributing strongly to IC1 as salience network (CPu, Cg,
240 NAc, Amyg, Ins, mPFC) and those with strong signals in IC2 as SERT network (VTA,
241  Th, MB, PAG, Hypo). Interestingly, MDMA induced immediate strong decreases in all
242  SERT network regions, salience areas exhibited a delay by approximately 10 minutes
243  (Figure 3A). Voxel-level analysis showed clear spatial overlaps between early MDMA
244  responsive regions and those from the posterior IC, with delayed regions mirroring
245 the anterior IC reminiscent of the salience network (Figure 3B). To quantify the
246  striking spatial similarity between the baseline independent components and the
247  spatiotemporal characteristics of ['C]DASB changes after MDMA exposure, we
248  show highly significant correlations between the z-scores of the posterior and anterior
249 ICs and the t-scores of late and early MDMA effects on [''C]DASB alterations,
250 respectively (p < 0.0001, Figure 3C).

251 Finally, we investigated relationships between SERT availability changes and MC

252  reductions following the acute MDMA challenge (Figure 4).
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254  Figure 4: Comparison of MC and BPyp changes. A Reduction in BPyp following MDMA (orange)
255 and MC strength (blue) was compared. B T-scores derived from each approach show only low
256  correlations.

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

reductions in the respective global MC of the two regions.
MDMA-induced changes of seed based molecular connectivity

Next, we performed a seed-based analysis and aimed to compare changes in FC
and MC after an MDMA pharmacological challenge on the salience network and on
regions with high SERT binding (Figure 5).
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Figure 5: MDMA effects on seed-based FC and MC of the salience and SERT networks. (A) FC
and (C) MC brain networks depicting edge and node strengths of the salience network and SERT
network at baseline (20-40 min after scan start) and after MDMA (60-80 min after scan start). (B) FC
and (D) MC time-resolved salience and SERT network strengths computed using sliding windows.

Asterisks indicate significant (p < 0.05, FDR-corrected) changes to baseline (time-point zero,
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276  corresponding to 20-40 minutes after scan start). Abbreviations: SN = salience network, SERT =
277  SERT network.

278 We observed a small decrease in the SN for FC (16% at the end of the scan) and
279 almost constant FC of the SERT network (<5% decrease) following MDMA, as shown
280 in Figure 5A at edge and node level and Figure 5C at network level (p>0.05). For
281 MC, we observed profound reductions in the SERT network (Figure 5C and D),
282 emphasizing an acute and spatially specific effect of MDMA on MC.

283 Discussion

284  The mammalian brain operates on diverse physiological, spatial and temporal scales.
285 FC via BOLD-fMRI offers insights into coherent functional brain networks, but its
286 complexity and indirect link to neural activity highlight the need for more direct
287 methodologies. In this context, the concept of MC using [‘'C]JDASB PET, as
288 introduced in our study, provides a more direct and complementary perspective on

289  brain organization and its response to external stimuli, such as MDMA.
290 Physiological basis

291  Our findings suggest that [**C]DASB binding reflect the interplay of serotonin levels
292 and SERT dynamics [18]. Supporting the competition model, evidence indicates that
293 endogenous serotonin competes with tracers for binding sites, affecting tracer
294  binding [19]. However, contrasting results in various studies highlight the complexity
295  of this interaction [20] [21] [22]. The internalization model suggests serotonin levels
296 influence SERT internalization, impacting ['C]JDASB binding [18, 23, 24]. While
297  supporting evidence exists, further exploration is needed to fully understand these
298 dynamics, especially during resting states [25]. Some models on this aspect have
299 proposed a regulatory function of the raphé nuclei in maintaining serotonin
300 fluctuations over several temporal scales at rest [26]. Remarkably, fast microdialysis
301 has resolved multiple spontaneous surges of up to 1500-fold of the basal serotonin
302 occurring during 30-minute intervals [27]. Additionally, the same study has indicated
303 that SERT expression is essential for the spontaneous surges, reduced SERT
304 drastically decreasing serotonin spiking. Thus, it is feasible that the correlated
305 temporal fluctuations captured by dynamic [*'*C]DASB at least partly reflect the role of

306 the serotonergic system in brain resting activity.

15
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307 Implications for whole-brain serotonergic system

308 Our graph-theory analysis revealed comparable whole-brain organization between
309 hemodynamic and serotonergic connectomes, although we only found moderate
310 correlation between the edges of the two measurements. Notably, the correlations in
311 [*'C]DASB bindings differed from BOLD-fMRI-derived correlations. For BOLD-fMRI,
312 ICA revealed classic RSNs, widely reported for both rats [28] and humans [29],
313 including the default-mode network, the sensory network and the motor network. In
314  contrast, the ICA analysis of PET data revealed two distinct anatomical modules. The
315 first component included primarily the brainstem, parts of the midbrain and the
316 thalamus. The second component comprised regions of the limbic system, such as
317 the striatum, amygdala, insular, cingulate and prefrontal cortices, reflecting the
318 diverse projections of the raphe nuclei. The distinct anatomical modules identified in
319 the ICA analysis of PET data reflect the diverse projections of raphe nuclei,
320 suggesting a complex serotonergic system response to drugs. MDMA's interaction
321  with SERT, as elucidated by ["'*C]DASB, shows region-specific temporal effects, with
322 immediate decreases in binding in the brainstem and posterior subcortical regions,
323 and delayed effects in limbic pathways. This suggests that the serotonergic system's
324 response to drugs can be predicted, to an extent, by the observed independent

325 components.
326 Relevance to prior research

327  Our findings align with those by Salvan et al [31] on the integration of molecular maps
328 into fMRI data demonstrating how individual serotonergic receptors contribute to
329 network-level activity. Despite our differing methodologies, the receptor activity
330 patterns they found, may also correspond to the different independent components
331 we found from the [*'C]DASB PET data. The dual regression approach reported by
332 Salvan et al. has first been reported in the context of pharmacology to delineate the
333 receptor-specific effects of MDMA in humans [32]. The authors found that MDMA
334  specifically decreased FC in the 5SHT1A maps in areas which could be ascribed to the
335 human salience network, such as the insula and a collection of medial cortical
336 regions. While not reaching significance, we observed in reduced salience FC and
337 MCin our data.
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338 Previous studies evaluating the effects of MDMA on FC indicated relatively sparse
339 effects on FC, as confirmed by the readout of this study [33, 34]. Recently, a novel
340 approach [32] has revealed decreased connectivity induced by MDMA in areas
341 associated with SERT and 5-HT;a availability. The increased activity indicated in
342 limbic and cortical structures when controlling for vascular effects is accompanied
343 with decreased salience connectivity, indicating that, while neurons become more
344  active through the drug, they do so in an incoherent manner, which would be in line
345 with the hyperactive, yet abnormal behavior reported for MDMA abuse. Importantly,
346 the potent vascular effects which play a role in modulating the amplitude of the
347 BOLD-fMRI signal may also influence FC readouts, although the extent of such
348 effects are difficult to estimate.[11]

349 Over the past decade, PET studies using ["'C]JDASB have focused on the
350 associations of serotonin transporter (SERT) availabilities across different brain
351 regions, revealing altered interregional SERT connections in patient cohorts, post-
352 treatment changes, and predictive capacity for treatment response [9, 10, 35] [36]
353 [37]. Our study builds upon this foundation, uncovering significant within-subject
354 temporal associations in ['C]DASB binding, and demonstrates more pronounced
355 alterations in MC compared FC changes induced by drugs, thus highlighting the

356 enhanced utility of our method.
357 Study limitations and future directions

358  While our study advances the understanding of MC, the use of anesthetized animal is
359 a limitation, potentially affecting PET and fMRI readouts and their interaction with
360 MDMA. Future studies should involve awake animals to validate our method.
361 Additionally, our multimodal imaging approach, though powerful, cannot fully
362 decipher the mechanisms of interregional coherences in PET timecourses. Future
363 studies employing sensitive methods to measure neurotransmitter release, could

364 provide deeper insights into the molecular processes underpinning our observations.

365 Nonetheless, we provide several strong arguments to consider such analyses as
366 presented here in future studies. First, we show that at rest the data are reliable,
367 temporally stable and exhibiting similar graph theory metrics to traditionally calculated
368 functional connectomes. Second, in spite of comparable network-level organizational

369 properties, already at rest MC is only moderately correlated to FC, indicating the
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370 complementary nature of both readouts. Third, resting-state MC ICs correlate well
371 with SERT occupancy changes induced by the MDMA challenge. Finally, we show
372 that the changes MDMA elicits on MC are complementary to standardly-calculated
373 [*'C]DASB BPyp alterations. Our data indicate that, while changes in BPyp are more
374  pronounced in regions with higher baseline SERT availabilities, MC reveals a more
375 globally distributed measure of tracking serotonergic changes, since also regions,

376  such as the insula, with relatively low SERT expressions, were strongly affected.

377 Conclusion

378 This study significantly contributes to integrating molecular data into connectomic
379 frameworks, demonstrating that subject-level MC is reliable and complementary to
380 FC in both resting and pharmacologically challenged states. Our research lays a
381 strong foundation for future investigations into the value and generalizability of PET-
382 derived MC, particularly for understanding drug-induced brain-wide molecular

383  network changes.
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