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Abstract

Intranasal oxytocin is recelving increasing research attention as a potential treatment for several
brain disorders due to promising preclinical results. However, trandating these findings to
humans has been hampered by remaining uncertainties about its pharmacodynamics and the
methods used to probe its effects in the human brain. Using a dose-response design (9, 18 and 36
IU) and a novel administration device, we demonstrate that oxytocin-induced physiological
changes in the amygdala at rest, a key-hub of the brain oxytocin system, follow a dose-response
curve with maximal effects for lower doses. Yet, the effects of oxytocin vary by amygdala
subdivision, highlighting the need to qualify dose-response curves within subregion. We further
link physiological changes with the density of the oxytocin receptor gene mRNA across brain
regions, strengthening our confidencein intranasal oxytocin as a valid approach to engage central
targets. Finally, we demonstrate that intranasal oxytocin does not disrupt cerebrovascular
reactivity; the absence of magjor vascular confounds corroborates the validity of haemodynamic

neuroimaging to probe the effects of intranasal oxytocin in the human brain.

Keywords: Intranasal oxytocin; nebuliser; dose-response; regional cerebral blood flow; Allen

Brain Atlas; cerebrovascular reactivity
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Introduction

Intranasal oxytocin, the most widely used method for oxytocin administration in humans, has
been suggested as a promising therapeutic strategy for several brain disorders where we currently
lack effective treatments (e.g., autisn spectrum disorder!, schizophrenia®, migraine®, stroke’,
obesity®, Prader-Willi®). An increasing number of clinical trials have been evaluating the efficacy
of specific nominal doses of intranasal oxytocin (for an overview see”™), yet most studies have
been inconclusive at best**2. The lack of unequivocal findings regarding the effects of intranasal
oxytocin in trials with human patients contrasts with a flood of evidence showing consistent
beneficial effects in animal models™**, where oxytocin is often administered centrally™*". This
discrepancy has raised questions around the basic pharmacology of intranasal oxytocin, and
regarding the neuroimaging measures used to assess its effects on the human brain, namely: (i)
which doses might be most effective in targeting specific brain circuits'®? (ii) Do the changesin
brain physiology that follow the administration of intranasal oxytocin result from the engagement
of the OXTR, the primary oxytocin target?? (iii) Could the hemodynamic neuroimaging markers
typically used to probe the effects of intranasal oxytocin in the human brain be affected by major
unspecific vascular confounds?

Regarding the first question, the most commonly used dose in studies administering
intranasal oxytocin with nasal sprays (241U) has been selected largely due to historical
precedence®, rather than a systematic investigation of dose-response curves for each targeted
brain region’%. However, as with many drugs, dose is likely to play an important role in
determining the response to intranasal oxytocin. First, when binding the oxytocin receptor
(OXTR)?, oxytocin recruits different intracellular G protein pathways with opposite effects on
neuronal activity, depending on the amount that is available extracellularly?*®. Increases in

oxytocin bioavailability shift OXTR-coupling away from the excitatory G to the inhibitory G
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protein®?. Hence, as oxytocin bioavailability increases, the recruitment of the inhibitory G
pathway is likely to counteract the effects related to the recruitment of the excitatory Gy pathway,
resulting in null or even opposing drug effects®*?. Second, increases in local oxytocin
bioavailability also increase the chance of engagement of vasopressin receptors, such as the
V1aR, for which oxytocin has lower affinity than the OX TR?. This cross-receptor activation may
ultimately counteract the effects related to OXTR engagement®’. Ultimately, the complexity
associated with oxytocin signalling described above makes it difficult to predict what the effects
of gpecific nominal doses of intranasal oxytocin might be on brain circuits that vary in the
availability of oxytocin targets, without detailed region-specific characterizations of dose-
response.

Previous studies have reported dose-dependent effects of oxytocin in both non-human®#

30-35

and human species. This evidence was gathered in blood oxygen level-dependent (BOLD)-

functional magnetic resonance imaging (fMRI) task-based studies, using paradigms that engage

specific neura circuits, such as the amygdala®?**

, or measuring specific neurophysiological
processes, such as pupil reactivity to emotional faces® or chemosensory decoding®. Overall,
these studies suggested that lower-to-medium doses (8-24 IU) of oxytocin may be more
efficacious than higher doses®®. However, how well these dose-response effects might extend
beyond the specific processes engaged by the tasks employed is currently unclear. Moreover, the
investigation of pharmacological effects using BOLD fMRI, which is a relative measure
involving the comparison of two conditions, cannot disentangle the modulatory effects of the
drug on task-dependent activation states from changes in baseline brain function®’.

To overcome these limitations, in this study we investigate dose-related changes in local

perfusion by measuring regional cerebral blood flow (rCBF) at rest, which allows us to uncover

basic pharmacological mechanisms that are not restricted to the circuits engaged by specific
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paradigms®. We have demonstrated the sensitivity of arterial spin labelling (ASL) MRI in
quantifying changes in regional cerebral blood flow (rCBF) at rest after intranasal oxytocin
administration®®.  Changes in rCBF a rest provide a quantitative, non-
invasive pharmacodynamic marker of the effects of acute doses of psychoactive drugs™*, with
high spatial resolution and excellent temporal reproducibility®. As a result of neuro-vascular
coupling, changes in rCBF in response to oxytocin are likely to reflect changes in metabolic
demand associated with neuronal activity™®.

We focused on dose-related changes in local rCBF in a key-hub of the brain oxytocin
system, the amygdala. Modulation of amygdala's activity constitutes one of the most robust

findings in animal studies and intranasal oxytocin studies in humans*“#

, rendering it a well
justified target. However, studies in rodents?”***° and humans™ have provided evidence that the
effects of oxytocin vary by amygdala subdivision. Y et how each subdivision respondsto different
doses of intranasal oxytocin is currently unknown, highlighting the need to disentangle the
complex modulatory role of oxytocin on different amygdalar circuits. Therefore, in this study, we
also conducted secondary analyses to examine separately the four main amygdala subdivisions,
centromedial, laterobasal, superficial and amygdalostriatal transition area, to characterize dose-
response within each subdivision. In addition to changes in local rCBF, we also assessed
functional connectivity by employing a new approach based on group-based rCBF covariance
statistics™. This approach has been shown to have exquisite sensitivity to detect brain-wide

effects of neuromodulators®® >

, including intranasal oxytocin in rodents™; however, it has never
been used before to investigate the effects of intranasal oxytocin on brain physiology in humans.
Regarding the second question, it is currently unclear whether the physiological brain

changes (i.e. rCBF) that follow the administration of intranasal oxytocin do result from the

engagement of the OXTR, the primary oxytocin target. While recent studies in primates®” and
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rodents™® have shown that synthetic oxytocin when administered intranasally can reach the brain
parenchyma, linking the functional effects of intranasal oxytocin in the brain to the engagement
of its receptor would be critical to strengthening our confidence in the validity of using intranasal
oxytocin as a method to target the central oxytocin system. This question could be neatly
addressed by investigating whether a brain-penetrant, specific OXTR antagonist could blunt the
changesin rCBF induced by intranasal oxytocin. Nevertheless, such an antagonist is not currently
available for use in humans. Therefore, in this study we addressed this question indirectly, by
combining our neuroimaging data with transcriptomic data from the Allen Brain Atlas® to
investigate if the distribution of the levels of MRNA of the OXTR gene in the post-mortem human
brain can predict the rCBF changes that follow the administration of the three doses of intranasal
oxytocin that we employed.

Regarding the third question, haemodynamic neuroimaging measures are widely used as a
probe® of the effects of intranasal oxytocin on brain function, however the validity of this
approach remains to be confirmed. Changes in haemodynamic MRI measures reflect a complex
cascade of cellular, metabolic and vascular events associated with changes in neuronal activity™.
The main effects of drugs on brain’s physiology, such as the effects on rCBF we have reported
for intranasal oxytocin in our previous studies®®, are typically interpreted as the result of
enhanced or decreased pre- or post-synaptic activity due to the action of the drug on its targets™.
This approach is founded on the assumption that oxytocin does not interfere with the ability of
the cerebral vasculature to modulate blood flow in response to vasoactive stimuli such as CO;
(cerebrovascular reactivity (CVR)), which could represent a major confound. For instance, an
undetected drug_induced modulation of CVR could produce a BOLD response in the absence of
a change in neural activity, or “mask” an actual neuronal response. This issue is particularly

relevant when examining intranasal oxytocin since oxytocin is known to have vasoactive
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properties’. If oxytocin disrupts CVR, then changes in MRI hemodynamic measures, such as
changes in the BOLD signal, cannot be directly attributed to the modulation of neuronal activity.
Hence, following several recent recommendations to address the potential impact that
pharmacological compounds may have on the cerebrovasculature®™®, we investigated the
presence of unspecific effects of intranasal oxytocin on CVR during a breath hold task®.

To investigate these three main questions, we employed a double-blind, placebo-
controlled, crossover design where we administered three different doses of intranasal oxytocin
(91U, 18IU and 361U) or placebo to 24 healthy men using a novel administration device (PARI
SINUS nebuliser) that maximizes deposition in areas of putative nose-to-brain transport (see
Figure 1 for a summary of our experimental protocol). We demonstrate that intranasal oxytocin-
induced changes in rCBF in the amygdala and rCBF covariance with other key hubs of the
central oxytocin system follow a dose-response curve with lower doses inducing the highest
changes from placebo. However, we also demonstrate that one of the amygdala subdivision
responds to oxytocin with a different dose-response profile than the remaining subdivisons,
which highlights the need to qualify the selection of dose for maximal pharmacologic effects
within subdivison. We provide indirect evidence supporting the validity of using intranasal
oxytocin as a pharmacological method to target the brain’s oxytocin system by showing that the
rCBF changes induced by the effective doses can be predicted by the expression of the mRNA of
OXTR across regions of the whole-brain. Furthermore, we also confirm the validity of
neuroimaging measures to investigate the effects of intranasal oxytocin on human brain function
by demonstrating that none of the doses of oxytocin tested here affect CVR, hence confirming the

absence of mgjor vascular confounds across a range of doses.

Results
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Dose-response effects of intranasal oxytocin on local r CBF
To answer our first question, we used ASL to investigate how different doses of intranasal
oxytocin impact on local rCBF and functional connectivity of the amygdala and its subdivisions
at rest at about 14-32 mins post-dosing (Figure 1). First, we conducted some control analyses to
investigate treatment (placebo, low, medium or high doses of intranasal oxytocin), time-interval
(14-19 min, 21-26 min and 27-32 min post-dosing) and treatment x time-interval effects on
subjective drug effects (alertness, mood and anxiety) and global CBF. Treatment did not impact
on aertness, mood or anxiety (see Supplementary Table 1 and Supplementary Figure 1 for
further details). On global CBF, only the main effect of treatment was significant (F(3,105.505) =
4.666, p = 0.004) (Supplementary Table 2). Compared to placebo, all three doses decreased
global CBF (see Supplementary Figure 2 for further details). The existence of significant
treatment effects on global CBF supported our rationale for including global CBF as a
confounding covariate in all of our rCBF analyses, consistent with previous standard practice®.
We followed up the control analyses by investigating treatment, time-interval and
treatment x time-interval effects on extracted values of rCBF at rest focusing on our selected
ROIs: i) the right and left amygdala (whole), as primary outcomes; and ii) their respective
centromedial, laterobasal, superficial and amygdalostriatal transition area subdivisions, as
secondary outcomes. We also conducted exploratory whole-brain analyses to investigate other
potential treatment, time-interval and treatment x time-interval effects on rCBF at rest beyond the

amygdala. We describe the results of each of these analyses below.

Amygdala (whole): We found a significant main effect of treatment for the left amygdala
(Table 1). None of the post-hoc comparisons with placebo or between active doses survived

correction (smallest pagjused = 0.072). Numerically, the low dose produced the largest nominal
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decrease in rCBF compared to placebo (d = 0.213) among the three doses, followed by the
medium (d=0.205) and the high dose (d = 0.110). The effects of time-interval or treatment x

time-interval were not significant.

Amygdala (subdivisions): The effects of time-interval or treatment x time-interval were
not significant for any of the amygdala ROIs we tested (Table 1). However, we found significant
main effects of treatment for the left centromedial amygdala, the left and right amygdal ostriatal
trangtion areas, and the left and right superficial amygdala subdivisons. Only the treatment
effects for the right amygdalostriatal transition area ROI did not survive correction for the total

number of ROIs tested (Table 1).

For the left centromedial amygdala, the main effect of treatment was driven by decreases
in rCBF, compared to placebo, for the low (Pagusted = 0.005) and medium (Pagjusted = 0.021) doses
but not the high dose (p=0.390). This decrease from placebo was maximal for the low dose (d =
0.261), followed by the medium dose (d = 0.233). Direct comparisons between all possible pairs
of our three active doses yielded non-significant differences (smallest pagusied = 0.058) (Figure 2).
For the left amygdalostriatal trandition area, only the low dose was significantly lower than
placebo (d = 0.859, Pagjusted < 0.001) (medium or high dose versus placebo: pagjused > 0.111). In
this ROI, rCBF in the low dose group was also significantly lower than in the medium (Pagjusted =
0.002) and high (Pagjusted < 0.001) doses groups. Direct comparisons between medium and high

doses yielded non-significant differences (Pagused = 0.595) (Figure 2).

For the left superficial amygdala ROI, the main effect of treatment was driven by
decreases in rCBF, compared to placebo, only for the high dose (Pagjused = 0.031, d=0.526) (Low
versus Placebo: Pagused = 0.123, d = 0.158; Medium versus Placebo: pagjused = 0.528, d = 0.431).

rCBF in left superficial amygdala for the high dose group was also significantly lower than in the
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oW (Padjusted < 0.001) and medium (Pagjused = 0.008) doses groups. Direct comparisons between
the low and medium doses yielded non-significant differences (Pagjusted = 0.120) (Figure 2). We
found a similar pattern of effects for the right superficial amygdala. However, in this case the
main effect of treatment was driven by a significant decrease in rCBF after the high dose when
compared to the low dose (d = 0.259, paustes = 0.020). We did not find any significant
differences when we directly compared the high dose against placebo (Pagused = 0.237, d =
0.434), the low dose against the medium dose (Pagjused = 0.121), or the medium dose against the

high dose (Pagjusted = 0.437) (Figure 2).

Exploratory whole-brain analysis. We conducted exploratory whole-brain analyses to
Investigate other potential treatment, time-interval and trestment x time-interval effects on rCBF
at rest beyond the amygdala. We did not find any cluster depicting significant treatment or time-
interval x treatment effects. However, we found three clusters spanning mostly the insula

bilaterally that showed a main effect of time-interval (see Supplementary Figure 3).

Dose-response effects of intranasal oxytocin on functional connectivity using group-based
r CBF covariance

In addition to investigating dose-response effects of intranasal oxytocin on local rCBF changes,
we examined dose-response effects on functional connectivity within a network of key brain
areas of the central oxytocinergic circuitry using group-based rCBF covariance and graph-theory
network analysis. Following our analytic strategy on local rCBF, we focused our main analysis
on the functional connectivity of the amygdala and its subdivisions with other brain regions

considered to be part of the central oxytocinergic circuits, but also conducted exploratory

10
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analyses for dose-response changes in the global functional connectivity of our oxytocinergic

network as a whole. We describe the results of each of these analyses below.

Amygdala (whole): We found that, compared to placebo, the low dose increased the
clustering coefficient of the left amygdala within our oxytocinergic network (Ppermuted = 0.006)
(Figure 3A). Similar comparisons for the medium (Ppermuted = 0.126) and high (Ppermuted = 0.112)
doses yielded no significant changes, compared to placebo. Direct comparisons between the low
and medium, low and high or medium and high doses were not significant (smallest ppermuted =
0.123). For node strength, we found a trend for increased node strength of the left amygdala after
the low dose (ppemued = 0.066), compared to placebo. Similar comparisons for the medium
(Ppermuted = 0.169) and high (Ppermues = 0.739) doses yielded no significant changes. Direct
comparisons between the low and medium, low and high or medium and high doses were not
significant (smallest ppemuted = 0.247). No significant effects on clustering coefficient or node

strength were identified for the right amygdala (smallest ppermuted = 0.090).

To help us interpret the changes in the clustering coefficient and node strength we found
for the left amygdala after the low dose compared to placebo, we show for illustrative purposesin
Figure 3B all significant correlations between the rCBF in the right and left amygdala and all
remaining areas of our oxytocinergic network, for each treatment level separately. This figure
indicates that the changes in node strength and clustering coefficient we found in the left
amygdala after the low dose compared to placebo are likely to be driven by the following
functional connectivity changes. First, low dose oxytocin increased the functional connectivity
between the left amygdala and left pallidum (this connection passed our significance threshold in
the placebo session and was increased by low dose oxytocin). At the same time, the low dose

oxytocin strengthened several connections that did not reach significance in the placebo session,

11
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such as positive correlations between the left amygdala and the left insula and left putamen, and

negative correlations with the thalamus bilaterally and right hippocampus.

Amygdala (subdivisons): When we repeated the same analysis using ROIs of the
subdivisions of the amygdala instead of one ROI for the whole amygdala, we could not detect
any significant effect of treatment on node strength or clustering coefficient of any of the right or

left subdivisions ROIs we examined (smallest ppermuted = 0.193) (Supplementary Figure 4).

Exploratory analysis of functional connectivity changes in the whole oxytocinergic
network: We also compared the similarity of the connectivity matrices from each dose and
placebo by calculating Pearson’ s cross-correlation coefficients. We found that our matrices of the
placebo and low dose conditions were not significantly correlated with each other (r = 0.197,
p=0.108), while we found significant correlations between placebo and the medium dose (r =
0.247, p=0.032), and between placebo and high dose (r = 0.513, p<0.0001). Numerically, the
magnitude of these cross-correlations increased with increasing doses (low < medium < high)
(Figure 4). The cross-correlation coefficients for the low and medium doses were significantly
lower than the cross-correlation coefficient for the high dose (low vs high: Z =-2.124, p = 0.017;
medium vs high: Z = -1.874, p = 0.030). Direct comparisons of the cross-correlation coefficients
between the low and medium doses yielded no significant differences (Z = -0.308, p = 0.379).
Altogether, the findings from these cross-correlation similarity analyses suggested that the effects
of intranasal oxytocin on the functional connectivity of the brain’s oxytocinergic circuit were
maximal for the low dose and returned to placebo levels as dose increased.

Repeating the same analyses substituting the whole amygdala ROIs for the amygdala

subdivisions ROIs in the oxytocinergic network yielded similar findings (see Supplementary

12
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Figure 5 for further details).

Relationship between intranasal oxytocin-induced changes in rCBF and the expression of

OXTR mRNA in the post-mortem human brain

To investigate our second main question, we examined whether the expression of the mRNA of
the OXTR in the post-mortem human brain could predict the magnitude of intranasal oxytocin-
induced changes in rCBF (ACBF) across regions of the whole brain for each of the three doses
we tested here. In Figure 5, we provide brain maps depicting the regiona distribution of the
OXTR mRNA in the post-mortem human brain and of the ACBF induced by each dose of
intranasal oxytocin (Figure 5). We found significant negative correlations between the mRNA
expression of the OXTR gene and the rCBF changes induced by the low (spearman rho = -0.53,
Psin<0.001) and medium (spearman rho = -0.43, pgin = 0.002) doses. These correlations were not
significant for the high dose (spearman rho = -0.17, pgin = 0.259). We noticed a pattern of
nominally decreasing strength of these correlations with increasing dose (Low > Medium > High)
(Figure 6A and B). However, direct comparisons of these mRNA-ACBF correlations between the
three active doses groups yielded no significant differences (Z=-0.507, p=0.306). For both the
low and medium doses, the OXTR gene was among the strongest negatively correlated of all

genes (Figure 6C).

Dose-response effects of intranasal oxytocin on cer ebrovascular reactivity
Finally, to investigate our third question, we examined dose-response effects of intranasal
oxytocin on cerebrovascular reactivity using the BOLD fMRI data of our breath-hold task. We

started by conducting some control analyses to discard potential dose-response effects on
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respiratory belt signals, which index aspects of the respiratory dynamics of our participants while
performing the task, as potential confounders. Here, we focused on the readings of our respiratory
belt right at the start of each hold block as an estimate of the amplitude of the last forced
exhalation and on the respiratory frequency during the paced breathing blocks. Indeed, we did not
find a treatment effect on the readings of our respiratory belt right at the start of each hold block
(F(2.921, 64.271) = 0.407, p = 0.743) (Supplementary Figure 6) or on the respiratory frequency
during the paced breathing blocks (F(2.349, 51.672) = 0.255, p = 0.810) (Supplementary Figure
7). Therefore, potential treatment effects on CVR cannot be accounted by treatment effects on the
respiratory dynamics. Then, we examined whether our task elicited the intended increases in the
BOLD signal across the whole brain that is characteristic of the cerebrovascular reactivity
contrasts. As expected, we found that hold blocks, as compared to paced breathing, produced
widespread increases in the BOLD signal across the whole-brain (Supplementary Figure 8). We
could not find any cluster where the BOLD signal during hold was lower than during paced
breathing. Finally, we investigated dose-response effects on cerebrovascular reactivity at the

whole-brain level. We did not find any cluster showing a significant treatment effect on CVR.

Discussion

Our study contributes three key novel insights regarding the pharmacodynamics of intranasal
oxytocin in the human brain. First, using a novel device that maximizes deposition in putative
areas of nose-to-brain transport and a wide range of doses, we demonstrate that intranasal
oxytocin-induced changes in local rCBF in the amygdala at rest, and in the covariance between
rCBF in the amygdala and other key hubs of the brain oxytocin system, follow a dose-response
curve with maximal effects for lower doses. These effects were driven by regional effects in the

centromedial amygdala and the amygdalostriatal transition area, where we found a smilar dose-
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response pattern in each subregion individually. However, we also demonstrate that a specific
amygdala sub-region (superficial amygdala) responds to oxytocin with a different dose-response
profile, which highlights the need to qualify the selection of dose by targeted subdivision for
maximal pharmacologic effects. Second, we demonstrate that intranasal oxytocin-induced
changes in brain’s physiology are linked with inter-regional differences in the density of mMRNA
levels of the OXTR gene across the human brain. Third, we demonstrate that intranasal oxytocin
does not disrupt cerebrovascular reactivity in doses between 9-36 1U, supporting the validity of
using hemodynamic MRI markers to probe its effects on the human brain in the absence of mgor
vascular confounds. We discuss each of these three main findings below.

Our first key finding was the observation that rCBF changes induced by intranasal
oxytocin in the amygdala show a dose-response pattern that varies by subdivision. For most
subregions smaller doses produce the largest decreases in rCBF and exceeding this optimal dose-
range (9-18 IU) resulted in smaller or null effects. We demonstrate this dose-response profilein a
hypothesis-driven analysis of local changesin rCBF in two subdivisions of the left amygdala, the
centromedial amygdala and the amygdalostriatal transition area, and in measures of functional
connectivity between the left amygdala and other key brain areas of the central oxytocinergic
circuit (such asthe basal ganglia or the insula). Further, we show that this pattern extends beyond
the amygdala and reflects in changes in the inter-regional functional connectivity of a network of
brain areas that includes key nodes of the central oxytocinergic circuits. However, we also found
that decreases in rCBF in the superficial amygdala can only be produced by higher doses (36 1U),
but not lower doses. The independent modulation of physiology (rCBF) in amygdala's
subdivisions by a single dose of intranasal oxytocin, compared to placebo, that we observed in
this study corroborates previous studies using BOLD-fMRI**®*® Here, we extend these previous

findings by using a physiological quantitative neuroimaging biomarker that can be more closely
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linked to changes in neural activity and by characterizing the dose-response profile of each
subdivision individually. By doing so, we highlight the dose-response profile of perfusion
changes following intranasal oxytocin in different amygdala subdivisions is complex and needs
to be qualified within each subdivision.

The suppression of amygdala's activity constitutes one of the most robust findings in
animal studies and intranasal oxytocin studies in men***. The decrease in resting rCBF in the
left amygdala after intranasal oxytocin in the current study is consistent with our previous within-
subject® report. The precise neural mechanisms underlying the decrease in amygdala rCBF
induced by intranasal oxytocin remain unclear. Nevertheless, our findings dovetail with previous
observations that oxytocin can inhibit neurons in the centromedial amygdala — probably through
its excitatory effects on y-aminobutyric acid inhibitory (GABAergic) local projections that
originate in the lateral and capsular parts of the central nucleus of the amygdala®*®.

Why might the amygdala subdivisions show distinct dose-response profiles, i.e. respond
differently to the same nominal doses of intranasal oxytocin? It is possible that the differencesin
the doseresponse profile between the centromedia amygdala subdivison and the
amygdalostriatal transition area, on one hand, and the superficial subdivision, on the other hand,
that we report here could reflect differences in the expression of oxytocin targets across these
subdivisions. To gain insight on this hypothesis, we used transcriptomic data from the Allen
Brain Atlas to quantify mRNA expression of the OXTR and V1aR genes in the centromedial,
laterobasal and superficial amygdala subdivisons (expression data for the amygdalostriatal
trangition area was not available). While the number of donors was too small for a meaningful
statistical analysis, we noted that for 4/6 donors mRNA expression of these two genes is
consistently lower in the left superficial amygdala than in the left centromedial and laterobasal

amygdala subdivisions (Supplementary Figure 9). If the expression of oxytocin targets is indeed
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lower in the superficial amygdala than in the other subdivisions, this could justify why only a
larger dose decreases rCBF in this specific subdivision.

The exact mechanisms explaining the dose-response profile of a given brain region
remain unclear. Apart from differences across regions in the level of expression of oxytocin
targets, we believe that at least three other mechanisms can play a critical role. All three
mechanisms reflect differences in the sensitivity of the cellular signalling processes as a function
of the concentration of oxytocin in the extracellular fluid. First, a higher dose of oxytocin and,
therefore, the resulting increased oxytocin concentration in the extracellular fluid, may: (i) recruit
differentially G¢/G; pathways when binding the OXTR****. A higher concentration of oxytocin
induces the recruitment of the inhibitory G; pathway which counteracts the effects on the
stimulatory Gq pathway, resulting in decreased, null, or even opposite oxytocin effects; (ii) induce
the activation of vasopressin receptors and counteract OXTR-binding related effects. This
mechanism has been supported by one rodent study in relation to the effects of oxytocin on the
amygdala”; (iii) result in fast oxytocin receptors internalization®, at least in some brain regions.
In-vitro studies have shown that this process can happen as quickly as 5-15 mins after exposure
to oxytocin®® . However, testing these hypotheses directly is virtually impossible in humans for
now.

Our findings highlight the need to carefully consider dose in our efforts to engage central
oxytocinergic circuits in the living human brain. In the absence of dose-response evidence for

specific outcomes, our study corroborates previous reports >

in identifying lower doses as the
most likely effective starting-point. However, given the complexity of the oxytocin signalling
machinery and the inter-region differences in the expression of oxytocin’'s targets, it is plausible

that different brain regions might respond to intranasal oxytocin with different dose-response

profiles. We show this for a specific subdivision of the amygdala; future and larger studies should
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focus on expanding our understanding of the dose-response profile of other key regions of the
oxytocinergic network. Ultimately, this information could optimize the engagement of target

brain regions for specific applications.

Our second key finding was the observation that rCBF changes for the low and medium
doses can be predicted by the distribution of the OXTR mRNA expression in the post-mortem
human brain. This provides indirect but supportive evidence for a link between the brain’s
functional changes that follow the administration of intranasal oxytocin in the living human brain
and OXTR engagement. While doubts persist about the exact mechanisms through which
oxytocin may reach and induce functional effects in the brain when administered intranasally’,
our findings provide an extra level of evidence strengthening our confidence on the utility of
intranasal administrations of oxytocin as a valid method to target the oxytocin system in the
human brain. However, our indirect findings should not detract future studies combining the
administration of intranasal oxytocin with brain-penetrant antagonists, once these antagonists
become widely available in the future, to validate our findings further. Certainly, it would have
been interesting to examine whether the distribution V1aR mRNA could also explain some of the
variance in the changes in brain’s physiology that follow intranasal oxytocin and to test whether
this predictive ability might increase for higher doses of intranasal oxytocin (which more likely
engage this AV P receptor). However, for now, testing this hypothesis with the ABA data will be

impossible given that the mRNA of V 1aR could not be reliably measured above background.

Our third key finding was the lack of effects of intranasal oxytocin on cerebrovascular
reactivity. Even though oxytocin is a vasoactive neuropeptide® and unspecific effects of oxytocin

on cerebrovascular reactivity would undermine the validity of using neuroimaging measures as
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biomarkers of the brain responses to intranasal oxytocin®, this important methodological
guestion has been left unaddressed over the years. Our study shows that intranasal oxytocin does
not disrupt cerebrovascular reactivity across a range of doses. It therefore strengthens our
confidence on the validity of using indirect physiological measures of brain function, such as
rCBF or BOLD changes, to probe the effects of intranasal oxytocin on the living human brain, in

the absence of major unspecific vascular confounders.

Our study faces certain limitations. First, our findings cannot be readily extrapolated to
women, given the known sexual dimorphism of the oxytocin system’® ™. Second, in this study we
administered intranasal oxytocin using the PARIS SINUS nebulizer, which increases deposition
in the regions of the upper nose putatively involved in the nose-to-brain transport of oxytocin®,
While this does not detract from the dose-response profile we present here, it may make direct
comparisons with nominal doses delivered with other devices for nasal delivery, including
standard sprays which may be less efficient in oxytocin delivery”’, challenging. Third, in this
study we sampled rCBF at 14-32 mins post-dosing based on our previous work showing that
changes in amygdala rCBF after oxytocin, despite route of administration, emerge already at 15-
32 minutes post-dosing®. While our choice of time-interval served the aims of the current study,
future studies should perform a comprehensive characterization of the spatiotemporal profile of
the changes in rCBF that follow the different doses we administered here over a longer period.
Fourth, given that our sample consisted of healthy participants, our findings might not directly
extrapolate to clinical groups that may present disease-related changes in oxytocin signalling (i.e.

decreases or increases in OXTR expression) &

that shift intranasal oxytocin's response curve.
Fifth, we used the distribution of the mRNA levels of the OXTR gene in the post-mortem human

brain as a proxy for its levels in the living human brain. Since post-transcriptional events may
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alter the relationship between gene expression and protein synthesis®, it would be important to
ascertain the validity of using mRNA levels as proxies for the OXTR proteins in the living
human brain (this is virtually impossible to verify until a PET ligand for OXTR becomes
available). Finally, while we have conducted our analysis of the effects of the different doses of
intranasal oxytocin on CVR at the whole-brain level, our coverage of areas showing BOLD
signal dropout due to MRI susceptibility effects, such as the subcallosal and orbitofrontal cortices
or the ventral striatum, during the breath hold task, was relatively poor. Therefore, we cannot
discard with confidence potential effects on CVR in these specific brain areas — which are often

reported to be modulated by intranasal oxytocin®®*.

In conclusion, our data highlight the need to carefully consider dose in our efforts to
engage central oxytocinergic circuits in the human brain by using intranasal oxytocin and
suggests that a one-size-fits-all approach might not capture differences in dose-response between
target regions. Furthermore, it strengthens our confidence in the validity of using intranasal
oxytocin to target the brain’s oxytocin system and indirect M RI-based neuroimaging measures to

probe its effects on brain’s function in the absence of major vascular confounders.

M ethods

Participants

We recruited 24 healthy male adult volunteers (mean age 23.8 years, SD = 3.94, range 20-34
years). We screened participants for psychiatric conditions using the MINI International
Neuropsychiatric interview®. Participants were not taking any prescribed drugs, did not have a

history of drug abuse and tested negative on a urine panel screening test for recreational drugs,
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consumed <28 units of alcohol per week and <5 cigarettes per day. We instructed participants to
abstain from alcohol and heavy exercise for 24 hours and from any beverage other than water or
food for at least 2 hours before scanning. Participants gave written informed consent. King's
College London Research Ethics Committee (HR-17/18-6908) approved the study. We
determined sample size based on our two previous studies demonstrating that N=16 per group
was sufficient to quantify intranasal oxytocin-induced changes in rCBF in between-** and within-

subject® designs.
Study design

We employed a double-blind, placebo-controlled, crossover design. Participants visited our
centre for 1 screening session and 4 experimental sessions spaced 4.3 days apart on average (SD
= 5.5, range: 2-16 days). During the screening visit, we confirmed participants dligibility,
obtained informed consent, collected sociodemographic data and measured weight and height.
Participants also completed a short battery of self-report questionnaires (which are not reported
here). Participants were trained in a mock-scanner during the screening visit to habituate to the
scanner environment and minimize its potential distressing impact. Participants were also trained
on the correct usage of PARI SINUS nebulizer, the device that they would use to self-administer
oxytocin or placebo in the experimental visits. Participants were randomly allocated to a

treatment order using a Latin square design.

Intranasal oxytocin administration

Participants self-administered one of three nominal doses of oxytocin (Syntocinon; 401U/ml;
Novartis, Basel, Switzerland). We have consistently shown in two separate studies in healthy

men that intranasal oxytocin (40 1U) modulates rCBF in the amygdala®®. In our last within-

21


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

subject study investigating the effects of intranasal (40 IU administered using either a standard
spray or the PARI SINUS nebuliser) and intravenous (10 1U) administrations of oxytocin on
rCBF in heathy men, we showed that suppression of amygdala rCBF is an early post-dosing
effect (15-32 mins) that emerges irrespective of route of administration. Hence, in the current
study, we selected the same time interval, a range of doses of intranasal oxytocin (9, 18 and 36
IU) or placebo. Placebo contained the same excipients as Syntocinon except for oxytocin.
Immediately before each experimenta session started, a researcher not involved in data collection
loaded the SINUS nebulizer with 2 ml of a solution (1 ml of which was self-administered)
containing oxytocin in the following concentrations 40 IU/ml, 20 IU/ml and 10 IU/ml or placebo

(achieved by a simple 2x or 4x dilution with placebo).

Participants then self-administered each dose of oxytocin (Syntocinon) or placebo, by
operating the SINUS nebulizer for 3 minutes in each nostril (6 min in total), based on a rate of
administration of 0.15-0.17 ml per minute. In pilot work using nebulization on a filter, we
estimated the actual nominally delivered dose for our protocol to be 9.01U (Cl 95% 8.67 — 9.40)
for the low dose, 18.11U (CI 95% 17.34 — 18.79) for the medium dose and 36.11U (Cl 95% 34.69
— 37.58) for the high dose. The correct application of the device was validated by confirming
gravimetrically the administered volume. Participants were instructed to breathe using only their
mouth and to keep a constant breathing rate with their soft palate closed, to minimize delivery to
the lungs. The PARI SINUS nebuliser (PARI GmbH, Starnberg, Germany) is designed to deliver
aerosolised drugs to the sinus cavities by ventilating the sinuses via pressure fluctuations. Droplet
diameter is roughly one tenth of a nasal spray and its massis only a thousandth. As a result, the
SINUS nebuliser can increase delivery to sinuses, upper nose and olfactory regions’. One study

has shown up to 9.0% (£1.9%) of the total administered dose with the SINUS nebuliser to be
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delivered to the olfactory region, 15.7% (+£2.4%) to the upper nose; for standard nasal sprays, less

than 4.6% reached the olfactory region”®.

Participants guessed the treatment condition correctly on 24 out of the total 96 visits
(25%), which was not significantly different from chance (Chi-squared test: %* (9) = 15.83, p =

0.070) (Supplementary Table 3).

Procedure

All participants were tested at approximately the same time in the afternoon (3-5 pm) for all
oxytocin and placebo treatments, to minimise potential circadian variability in brain activity® or
oxytocin levels®’. Each experimental session began with a quick assessment of vitals (blood
pressure and heart rate) and the collection of two 4 ml blood samples for plasma isolation (data
not reported here). Then we proceeded with the treatment administration protocol that lasted
about 6 minutes in total (Fig. 1). Immediately before and after treatment administration,
participants completed a set of visual analog scales (VAS) to assess subjective drug effects
(alertness, mood and anxiety). After drug administration, participants were guided to an MRI
scanner, where we acquired a BOLD-fMRI scan during a breath-hold task (lasting 5 minutes 16
seconds), followed by 3 pulsed continuous ASL scans (each lasting 5 minutes and 22 seconds), a
BOLD-fMRI scan during a prosocial reinforcement learning task and a resting-state BOLD-fMRI
scan. In this manuscript, we report only the results from the analysis of the breath-hold and ASL
data (remaining data to be reported el sewhere). We describe the details of each of these two types
of scan below. When the participants left the MRI scanner, we assessed subjective drug effects

using the same set of VAS.
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MRI data acquisition

We acquired the MRI data in a MR750 3 Tesla GE Discovery Scanner (Genera Electric,
Waukesha, WI, USA) using a 32-channel receive-only head coil. We recorded physiological data
using a respiratory belt (for breathing rate) wrapped around the digphragm and a pulse oximeter

(for heart rate) placed on the index or middle finger of the left hand of our participants.

Anatomical image acquisition

We acquired a 3D high-gpatial-resolution, Magnetisation Prepared Rapid Acquisition (3D
MPRAGE) T1-weighted scan. Field of view was 270 x 270 mm, matrix = 256 x 256, 1.2 mm
thick dlices, TR/ITE/TI = 7328/3024/400 ms, flip angle 11°,. The final resolution of the T1-

weighted imagewas 1.1 x 1.1 x 1.2 mm.

Breath-hold task

The breath hold paradigm provides a non-invasive, quick and reliable way of assessing CVR®®,

As CO; is a vasodilator, the hypercapnia induced by holding one's breath increases the
concentration of CO, in the blood®, which induces widespread increases in CBF, increasing the
BOLD signal across the brain®. This increase in the BOLD signal can be used as a proxy for
CVR in the absence of neura activity®. The breath hold paradigm has been shown to be
comparable to other direct methods for assessment of CVR, such as controlled CO, inspiration .

Furthermore, it has been shown to capture cerebrovascular alterations related to disease states™,
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healthy aging™, or unspecific effects of pharmacological compounds™®. Therefore, we used
the breath hold task in this study to investigate whether different doses of intranasal oxytocin
might disrupt CVR.

Our acquigitions for the breath hold task started at about 8 (+1) mins post-dosing (the
earliest time possible allowing for setting up the participant in the scanner) and lasted 5 mins and
16 seconds. We chose to sample this specific time-interval because unspecific effects of
intranasal oxytocin on CVR are more likely to occur when concentrations of oxytocin in
circulation are maximal and we have previously shown oxytocin to pesak in the plasmain the first
15 mins immediately after intranasal oxytocin administration®. Therefore, sampling CVR at this
time-interval would maximize our chances of capturing intranasal oxytocin-induced effects on
CVR, if they existed. Participants were instructed to follow a simple set of instructions on screen
alternating between paced breathing (45 seconds) and breath holding (16 seconds), repeating this
cycle four times. The task started and ended with a period of paced breathing. Participants were
instructed to commence breath holding at the end of aforced expiration, which has been shown to
produce a quicker CVR peak, in addition to removing some of the confounds produced by an
end-inspiration approach, such as a biphasic response within the time course signal and marked
inter-subject variability in inspiration depth®. During the regular breathing portions of the task,
participants were given instructions to breath at a controlled rate (breath in for 3 seconds, out for
3 seconds) as this approach produces a larger peak of the BOLD signal and improved signal-to-
noise ratio than self-paced breathing®™. Finally, as the BOLD increase during breath hold has
been shown to plateau around 20 seconds™, we chose a 16 second hold to be long enough to
produce a peak response whilst not being uncomfortable for the participant (and not increasing
the likelihood of head movement). Standardised verbal reminders of the instructions were given

prior to entering the scanner and immediately before the task started. Participants were advised to
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not breath more heavily or deeply than they normally would during the paced breathing
segments; rather they should just breath regularly but in time with the instructions, which were
presented visually during the task. We recorded participants chest movement using a respiratory
belt sensor and monitored their breathing from the control room to ensure they were following
the task correctly.

We acquired these functional scans using T2*-sensitive gradient echo planar imaging
optimised for parallel imaging ([TR] = 2000 ms; echo time [TE] = 28 ms; flip angle = 75°; field
of view = 240 x 240 mm, matrix = 64 x 64, 3 mm dlice thickness with a 0.3 mm dlice gap, 41

dices, voxel size=3.75 x 3.75 x 3 mm).

Arterial Spin Labelling

We performed three 3D pseudo-continuous Arterial Spin Labelling (3D-pCASL) scans to
measure changes in rCBF over 14-32 min post-dosing. We sampled this specific time-interval
because we have previously shown that the intranasal administration of OT (40 1U) using either a
standard nasal spray or the PARI SINUS nebulizer results in robust rCBF changes 15-32 mins
post-dosing?. Participants were instructed to lie still and maintain their gaze on a centrally placed

fixation cross during scanning.

The 3D-pCASL sequence was acquired with a fast spin echo (FSE) stack of spiral
readout. We used the following parameters. 10 spira arms, 600 points per arm, in-plane
resolution = 2.94 x 2.94 mm?, slice thickness = 3 mm, 54 slices, label duration (LD) = 3500 ms,
post-labelling delay (PLD) = 2025 ms, TE/TR = 11.8 / 7325 ms, number of averages = 2, total
time of acquisition = 5 mins and 22 seconds. Using along PLD of 3500ms allowed us to increase

the volume of labelled arterial blood and hence maximize SNR. The readout resolution provided
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us with a better chance to investigate small brain regions, such as amygdala subdivisons. We
applied a background suppression module to null static signal, using four inversion pulses. This
consisted of one single selective saturation pulse applied to the imaging volume and an imaging
selective inversion pulse prior to labelling followed by three non-selective inversion pulses
between the end of the labelling block and the readout window. We set the labelling plane to 2
cm below the imaging volume. The imaging volume was positioned on the inferior surface of the
cerebellum for all subjects. We also acquired a 3D proton density (PD) image using identical
readout parameters for CBF quantification and to aid co-registration. Computation of CBF was

done according to the formula suggested in the recent ASL consensus article™.

MRI data preprocessing
Breath-hold task

We pre-processed our functional scans using a standard pipeline which included dlice time
correction, realignment, co-registration to each individual’s structural scan, normalisation to the
Montreal Neurological Institute (MNI) 152 standard template and smoothing using a 6 mm
FWHM isotropic kernel. We did not have to exclude any participant because of excessive
movement (the mean frame-wise displacement for all scans was < 0.5 mm).

We then proceeded with first-level analysis and used the onsets of the paced breathing
and breath holding blocks to construct two regressors for which event timings were convolved
with a canonical haemodynamic response function and its temporal and shape form derivatives.
Since the block design of this task relies on accumulation of CO, over time in the blood, we
delayed the onset of the blocks regressors by 9 seconds (hence we used event durations: Paced =

36 seconds; Hold = 7 seconds). This modelling approach was previously shown by Murphy et al.
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(2011) to increase sensitivity as compared to a simple block design without the onset delay of the
block regressors™. We aso included the six head motion realignment parameters to model the
residual effects of head motion as covariates of no interest. Data were high-pass filtered at 128s
to remove low-frequency drifts. Thisfirst-level analysis resulted in the creation of CVR contrast
images quantifying BOLD-changes associated with breath hold as compared to paced breathing
(Hold vs Paced) for each participant/session. These CVR contrasts were then entered into second-
level group statistical analysis to examine task and treatment effects (as described below in the
Statistical analysis section). Preprocessing, first and second level analyses were performed using

Statistical Parametric Mapping (SPM) 12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/).

Arterial Spin Labelling

A multi-step approach was performed for the spatial normalization of the CBF maps to MNI
space: (1) co-registration of the PD image from each scan to the participant’s T1-image after
resetting the origin of both images to the anterior commissure. The transformation matrix of this
co-registration step was then used to register the CBF map from the corresponding scan with the
T1-image; (2) unified segmentation of the T1 image; (3) elimination of extra-cerebral signal
from the CBF maps, by multiplication of the “brain only” binary mask obtained in step[2], with
each co-registered CBF map; (4) normalization of the subject’s T1 image and the skull-stripped
CBF maps to the MNI152 space using the normalisation parameters obtained in step[2]. Finally,
we spatially smoothed each normalized CBF map using an 8-mm Gaussian kernel. All of these
steps were implemented using the ASAP (Automatic Software for ASL processing) toolbox
(version 2.0)%". The resulting smoothed CBF maps were then entered into SPM 12 for group-level

statistical analysis, as described below.
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Physiological data acquisition and processing

We continuously monitored respiratory movements during all scans using a respiratory belt
sensor. Respiratory movement signals were first manually checked for artifacts and low-pass
filtered with afourth-order, Butterworth zero-phase filter (cut-off frequency = 2 Hz). Then, we used a
technique involving cross-correlation of the filtered respiratory signa with sinusoidal signals of
different frequencies to estimate the time-varying frequency of the respiration as suggested by Chuen
et al. (2016)%®. The script we used to implement this analysis can be found at

https://github.com/finn42/RespirationTracking.

Statistical analyses

Subjective drug effects

We quantified alertness, mood and anxiety using a set of 16 VAS tapping into these three latent
constructs. We confirmed the inner structure of our set of VAS using principal component
analysis applied to the basdine (before oxytocin administration) data from each of our four
experimental sessions. We derived scores of alertness, mood and anxiety by simply averaging the
scores of the respective VAS for each of these three subscales (the items used to calculate each of
these subscales can be found in Supplementary Table 4). We investigated the effects of treatment,
time and treatment x time on alertness, mood and anxiety scores in a full factorial linear mixed
model, including treatment, time-interval and treatment x time-interval as fixed effects,
participants as a random effect. This analysis was implemented in SPSS 24. When a significant
effect was found, we followed with post-hoc tests, applying Sidak’s correction for multiple

comparisons.
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Global CBF Measures

We extracted median global CBF values within an explicit binary mask for grey-matter (derived
from a standard T1-based probabilistic map of grey matter distribution by thresholding all voxels
with a probability > 0.20) using the fdstats command implemented in the FSL software suite. We
tested for the effects of treatment, time-interval and treatment x time-interval on global CBF
signa in a repeated measures analysis of variance implementedin SPSS 24 (http://www-
01.ibm.com/software/uk/analytics/spss/), using the Greenhouse-Geisser correction against
violations of sphericity. When a significant effect was found, we followed with post-hoc tests,

applying Sidak’ s correction for multiple comparisons.

Dose-response effects of intranasal oxytocin on r CBF at rest

We tested the effects of treatment, time-interval and treatment x time-interval on median rCBF
values extracted from unsmoothed CBF maps using fdstats in 10 anatomical amygdalar regions-
of-interest (ROIs), including: 1) the left and right whole amygdala, as primary outcomes; and ii)
its respective centromedial, laterobasal, superficial and amygdalostriatal transition area
subdivisions, as secondary outcomes. We decided to consider right and left homologous
amygdala structures separately as we have previously consistently described left lateralization of
the effects of intranasal oxytocin on rCBF in men in two separate studies”*. Whole and non-
overlapping ROIs for the amygdala subdivisions were created from cytoarchitectonically defined
probabilistic maps available in the Anatomy toolbox (Institute of Neuroscience and Medicine,
Jullich, Germany) by thresholding each probabilistic map to include only voxels with a

probability of belonging to a certain subdivision higher than 0.80 and binarizing them at the end.
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We confirmed that these ROIs did not contain voxels belonging to more than one subregion. The
final number of unique voxels in each ROI can be found in Supplementary Table 5. We used a
full factorial linear mixed model, including treatment, time-interval and treatment x time-interval
as fixed effects, participants as a random effect and globa grey-matter CBF as a nuisance
variable. These analyses were implemented in SPSS24. When a significant effect was found, we
followed with post-hoc tests, applying Sidak’s correction for multiple comparisons. Additionally,
we also contained the false-discovery rate for the number of ROIs tested at 0=0.05 using the

Benjamini-Hochberg procedure™.

We also conducted a whole-brain exploratory investigation of treatment, time-interval and
treatment x time-interval effects on rCBF, using global grey-matter CBF as a covariate, which
would allow us to explore potential effects beyond the amygdala ROIs. We used cluster-level
inference at o = 0.05 using family-wise error (FWE) correction for multiple comparisons and a
cluster-forming threshold of p=0.005 (uncorrected). These statistical thresholds were determined
a priori based on our own work investigating the effects of intranasal oxytocin on rCBF in
humans?®* and are standardly applied in ASL studies measuring rCBF®%, We also tested a
cluster-forming threshold of p=0.001 (uncorrected) to be in line with the current
recommendations for the statistical analysis of BOLD fMRI'®, but this did not change the

results.

Dose-response effects of intranasal oxytocin on functional connectivity and network metrics

using group-based r CBF covariance
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Arterial spin labelling provides rCBF measurements for each voxel of the brain that typically
average multiple paired control-label images to increase SNR, hence resulting in relatively poor
temporal resolution (at best, we can sample rCBF approx. every 2 minutes because of our
segmented readout approach). Therefore, classical functional connectivity analyses that require
within-individual correlations of the rCBF time-series across brain regions are not normally
possible due to the small number of available time points. A conceptually similar functional
connectivity mapping analysis can be conducted by correlating vectors of median rCBF values
across participants from each brain region and treatment level (group-based covariance
statistics)**>°.

We conducted this anaysis using the NetPET toolbox

(http://www.nitrc.org/projects/netpet 2018/) — a recently developed pipeline for performing

covariance statistics and network analysis of brain Positron Emisson Tomography (PET)

a107

imaging data™'. We repurposed this tool to conduct our group-based rCBF-covariance
analyses'®, Briefly, first, we averaged our CBF maps across time-intervals for each treatment
level to increase SNR'®. Then, we extracted median rCBF using fsistats from a set of 31
anatomical non-overlapping anatomica ROIs selected for their relevance in the brain
oxytocinergic circuit (namely, areas showing enrichment of expression of oxytocin pathway
related genes™™® and areas shown to be modulated by pharmacological manipulation of the
oxytocin system in non-human animals or humans™**). The full list of ROIs can be found in
Supplementary Table 6 and Figure 3. To eliminate the potential confounding effect of global
CBF on these measures, we regressed out the median global CBF from the median rCBF of each
of these ROIs in a linear regression model for each treatment level separately and used the

standardized residuals in subsequent analyses. We then created interregional adjacency

correlation matrices for each treatment level by calculating Pearson’s correlations between the
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standardized rCBF vectors for each pair of ROIs of our oxytocinergic network. Each vector
consisted of the standardized rCBF values across all participants for a given ROI/treatment level.
The resulting mathematical objects were four 317x" 31 symmetric weighted matrices, one for
each treatment level (where 31 isthe number of ROIs used).

Instead of comparing the ROI-to-ROI correlations in our network for each pair of
treatment conditions (which would imply a high number of tests and therefore raise concerns
about multiple testing), we used graph-based modelling to summarize the core topographic
characteristics of these weighted matrices and allow us to assess interactions between regions™™.
We decided to focus our analysis on two graph-metrics. node strength and clustering coefficient.
Node strength is the average connectivity of a node and is defined as the sum of all neighbouring
link weights™*. Clustering coefficient is a measure of functional segregation and quantifies the
number of connections that exist between the nearest neighbours of a node as a proportion of the
maximum number of possible connections™*. Both node strength and clustering coefficient are
caculated in the NePET toolbox using the Brain Connectivity Toolbox

(https.//wwwe.nitrc.org/projects/bet/). According to standard practice, the graph metrics were

extracted from the rCBF weighted covariance matrices after thresholding to preserve the
strongest functional connections (ROI-to-ROI correlations with p<0.05). The full process was
then repeated, this time substituting the left and right whole amygdala by its corresponding
centromedial, laterobasal, superficial and amygdalostriatal transition area subdivision ROIs. This
resulted in symmetric weighted matrices of 37 x 37 ROIs.

We then conducted a set of analysis to investigate treatment-related effects on these
weighted matrices and graphs-metrics. First, given our focus on the amygdala, we compared the
left and right amygdala’s node strength and clustering coefficient between each dose and placebo

(note that because these analyses compare group-based covariance matrices, only two groups can
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be compared at atime). We assessed statistical significance by permutation testing™*®, using up to
10,000 permutations to generate the null distribution from the data without any a priori
hypothesis about the directionality of the effect. Permutations were implemented by swapping the
elements between pairs of treatment conditions being compared and using the resulting difference
to generate a null-distribution of permuted values. A significant group difference would be found
when the true difference between groups falls into the lowest or highest 2.5% of the distribution
of the permuted differences between the two conditions. This is equivalent to a two-tailed test.
When a significant difference from placebo was identified, we then compared each pair of active
doses using the same permutation approach. The same analysis was then repeated for each
amygdala subdivision ROI.

Finally, we aso conducted an exploratory analysis investigating treatment-related
changes on functional connectivity of our oxytocinergic network as awhole. We investigated the
similarity between the adjacency matrices of each of our active dose and placebo groups by
calculating cross-correlations between each pair of matrices™®. These cross-correlations were
calculated using only significant ROI-to-ROI correlations (p<0.05) in each pair of matrices (i.e.,
they were calculated based on the elements of the matrices that overlapped after applying the
statistical threshold). We did not include non-significant correlations to reduce noise from
potentially spurious correlations. In simple terms, to take the two extremes, a significant and high
cross-correlation between the matrices of any dose and placebo would be indicative of high
similarity, and therefore suggest the absence of substantial treatment effects. In turn, a non-
significant and low correlation would indicate low similarity, and therefore suggest the presence
of treatment related changes. We then compared these cross-correlations across doses using r-to-
Z transformation. All these analyses were then repeated for the matrices including the amygdala

subdivisionsin the place of the whole amygdala ROIs.
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Relationship between intranasal oxytocin-induced changes in rCBF and the expression of

OXTR mRNA

Regional microarray expression data were obtained from six post-mortem brains provided by the

ABA (http://human.brain-map.org/) (ages 24-57 years)'’’. We used theabagen toolbox

(https://github.com/netneurolab/abagen) to process and map the transcriptomic data to 84

parcellated brain regions from the DK atlas™®. Briefly, genetic probes were reannotated using
information provided by Arnatkeviciute et al., 2019 instead of the default probe information
from the ABA dataset, hence discarding probes that cannot be reliably matched to genes.
Following previously published guidelines for probe-to-gene mappings and intensity-based
filtering™'®, the reannotated probes were filtered based on their intensity relative to background
noise level; probes with intensity less than background in >50% of samples were discarded. A
single probe with the highest differential stability, AS(p), was selected to represent each gene,
where differential stability was calculated as'®:

N-1

1 N
Asp) = ——= 2, 2, PIB®), Bi(o)]
i=1 j=i+l
(2 ) J
Here, p is Spearman’ s rank correlation of the expression of a single probe p across regions
in two donor brains, B; and B;, and N is the total number of donor brains. This procedure retained

15,633 probes, each representing a unique gene.

Next, tissue samples were assigned to brain regions using their corrected MNI coordinates

(https.//github.com/chrisfilo/alleninf) by finding the nearest region within a radius of 2 mm. To

reduce the potential for misassignment, sample-to-region matching was constrained by
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hemisphere and cortical/subcortical divisions. If a brain region was not assigned to any sample
based on the above procedure, the sample closest to the centroid of that region was selected to
ensure that al brain regions were assigned a value. Samples assigned to the same brain region
were averaged separately for each donor. Gene expression values were then normalized
separately for each donor across regions using a robust sgmoid function and rescaled to the unit
interval. We applied this procedure for cortical and subcortical regions separately, as suggested
by Arnatkeviciute et al., 2019'°. Scaled expression profiles were finally averaged across donors,
resulting in a single matrix with rows corresponding to brain regions and columns corresponding
to the retained 15,633 genes. As a further sanity check, we conducted leave-one-donor out
sensitivity analyses to generate six expression maps containing gene expression data from all
donors, one at a time. The principal components of these six expression maps were highly
correlated (average Pearson correlation of 0.993), supporting the idea that our final gene
expression maps where we averaged gene expression for each region across the six donors is
unlikely to be biased by data from a specific donor. Since the AHBA only includes data for the
right hemisphere for two subjects we only considered the 41 regions of left hemisphere regions
(34 cortical plus 7 subcortical regions). The V1aR gene did not show levels of expression above
background and was excluded from further analyses.

As a proxy for drug effects, we used the whole-brain T-statistical parametric maps
comparing each active dose against placebo, which reflect the effect size of the changesin rCBF
from placebo associated with each active dose while accounting for global CBF (ACBF). These
T-statistical maps were calculated by contrasting the averaged CBF maps across time-intervals of
each active oxytocin dose level against placebo. We calculated the average T-statistics of these

parametric mapsin each region of the DK atlas we used to map gene expression.
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We then calculated non-parametric Spearman correlations between ACBF and the mRNA
expression of the OXTR gene across the 41 brain regions. Here, we assessed significance using
spatial permutation testing (spin test) to account for the inherent spatial autocorrelation of the
imaging data, asimplemented in previous studies? %, This approach consists in comparing the
empirical correlation amongst two spatial maps to a set of null correlations, generated by
randomly rotating the spherical projection of one of the two spatial maps before projecting it back
on the brain parcel. Importantly, the rotated projection preserves spatial contiguity of the
empirical maps, as well as hemispheric symmetry. Past studies using the spin test have focused
on comparisons between cortical brain maps. However, subcortical regions were also of interest
in this study. Subcortical regions cannot be projected onto the inflated spherical pia surface, so
an aternative approach was needed. We incorporated the subcortex into our null models by
shuffling the seven subcortical regions with respect to one another, whereas the cortical regions
were shuffled using the spin test. We then used r-to-z transformation to compare the correlation
coefficients between ACBF and mRNA density between doses. Statistical significance was set at
p<0.05 (two-tailed).

Finally, we repeated the same procedure for all other AHBA 15,632 genes that passed our
pre-processing criteria to assess the specificity of the correlations between ACBF and mRNA
density we found for the OXTR gene. We ranked all genes according to their correlation with
ACBF associated with each dose of intranasal oxytocin and checked where in the distribution of

these correlations the OXTR genelies.

Breath-hold: dose-response effects of intranasal oxytocin on cerebrovascular reactivity
Changes in the respiratory dynamics induced by intranasal oxytocin could produce differencesin

the amounts of circulating CO- in the blood during both the hold and paced breathing blocks of
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our task and confound our CVR assessments™. Therefore, before performing any analysis on our
CVR contrasts, we conducted some sanity checks using the respiratory data we acquired during
the task to dismiss such confounders. First, we examined treatment effects on the respiratory belt
readings right at the start of each hold block, which would give us an idea about whether
intranasal oxytocin could have changed the amplitude of the last exhalation before the start of
each hold block. Second, we tested for treatment effects on the respiratory frequency during the
paced breathing blocks. In both cases, we compared the means of these two variables across our
four treatment groups by using a one-way repeated measures analysis of variance. Statistical
significance was set to p<0.05 (two-tailed).

Using our first-level CVR contrasts for Hold vs Paced breathing BOLD signal changes,
we conducted a set of statistical analyses to investigate the effects of task and treatment. First, to
confirm that our Hold blocks, as compared to Paced breathing, elicited the expected global
pattern of BOLD signal increase across the whole brain, we averaged the Hold vs Paced
breathing contrast maps across treatment levels for each subject and then investigated the main
effect of task by conducting a one-sample T-test at the whole-brain level. We tested the effect of
task using two directed T-contrasts: one for increases (Hold>Paced) and another for decreases in
the BOLD signal (Hold<Paced). Second, we investigated treatment-related effects on CVR in a
one-way repeated measures analysis of variance. We tested the effect of treatment using a F-
contrast to investigate changes related to treatment irrespective of direction at the whole-brain
level. In all tests, we used cluster-level inference at o = 0.05 using family-wise error (FWE)
correction for multiple comparisons and a cluster-forming threshold of p = 0.001 (uncorrected),

according to current recommendations for the parametric analysis of BOLD fMRI data™®.
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All the analyses were conducted with the researcher unblinded regarding treatment
condition. Since we used a priori and commonly accepted statistical thresholds and report all

observed results at these thresholds, the risk of biasin our analysesis minimal, if not null.

Data availability: Data can be accessed from the corresponding author upon reasonable request.

A reporting summary for this Article is available as a Supplementary Information file.

Code availability: All the code used for the analyses is openly available as part of the respective
toolboxes. The matlab code to implement the spin rotations can be found in
https.//github.com/franti sekvasa/rotate parcellation.

List of Supplementary Materials:

Supplementary Table 1 — Treatment, time-interval and treatment x time-interval effects on self-
reported aertness, mood and anxiety.

Supplementary Figure 1 — Effects of treatment, time-interval and treatment x time-interval on
self-reported alertness, mood and anxiety.

Supplementary Table 2 — Treatment, time-interval and treatment x time-interval effects on self-
global cerebral blood flow.

Supplementary Figure 2 — Dose-response effects of intranasal oxytocin on global cerebral blood
flow.

Supplementary Figure 3 — Main effect of time-interval on regional cerebral blood flow (rCBF) at

the whole-brain levd.

Supplementary Figure 4 - Dose-response effects of intranasal oxytocin on the functional

connectivity of the amygdala subdivisions with the remaining regions of the brain oxytocinergic

39


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

circuits.

Supplementary Figure 5 - Dose-response effects of intranasal oxytocin on the functional
connectivity of the oxytocinergic network in the human brain (including amygdala's

subdivisions).

Supplementary Figure 6 — Dose-response effects of intranasal oxytocin on the respiratory belt

readings at the beginning of the hold blocks of our breath-hold task.

Supplementary Figure 7 - Dose-response effects of intranasal oxytocin on respiratory frequency

during the paced-breathing blocks of our breath-hold task.

Supplementary Figure 8 — Whole-brain increases in BOLD (cerebrovascular reactivity) during

breath hold, as compared to paced breathing (Main effect of the task).

Supplementary Figure 9 — Expression of mRNA of oxytocin pathway genes across the main

amygdala subdivisions according to the Allen Brain Atlas (ABA).

Supplementary Table 3 — Participants predictions regarding treatment allocation.

Supplementary Table 4 — Visual analog scales used to assess alertness, mood and anxiety.

Supplementary Table 5 — Number of voxels in each of the amygdala's subdivisions regions-of-

interest.

Supplementary Table 6 — List of anatomical regions-of-interest used in the group-based regiona

cerebral blood flow-covariance analyses of functional connectivity and respective sources.

40


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References:

1 Anagnostou, E. et al. Intranasal oxytocin in the treatment of autism spectrum disorders: a
review of literature and early safety and efficacy datain youth. Brain Res 1580, 188-198,
doi:10.1016/j.brainres.2014.01.049 (2014).

2 Shilling, P. D. & Feifel, D. Potential of Oxytocin in the Treatment of Schizophrenia. CNS
Drugs 30, 193-208, doi:10.1007/s40263-016-0315-x (2016).

3 Tzabazis, A. et al. Oxytocin and Migraine Headache. Headache 57 Suppl 2, 64-75,
doi:10.1111/head.13082 (2017).

4 Karelina, K. et al. Oxytocin mediates social neuroprotection after cerebral ischemia.
Stroke 42, 3606-3611, doi:10.1161/STROKEAHA.111.628008 (2011).

5 Olszewski, P. K., Klockars, A. & Levine, A. S. Oxytocin and potential benefits for
obesity treatment. Curr Opin  Endocrinol Diabetes Obes 24, 320-325,
doi:10.1097/M ED.0000000000000351 (2017).

6 Rice, L. J.,, Einfeld, S. L., Hu, N. & Carter, C. S. A review of clinical trials of oxytocin in
Prader-Willi  syndrome. Current  Opinion in  Psychiatry 31, 123-127,
doi:10.1097/Y co.0000000000000391 (2018).

7 Keech, B., Crowe, S. & Hocking, D. R. Intranasal oxytocin, social cognition and
neurodevelopmental disorders: A meta-analysis. Psychoneuroendocrinology 87, 9-19,
doi:10.1016/].psyneuen.2017.09.022 (2018).

8 Naa W. J & Aoun, M. P. Oxytocin and Anxiety Disorders. Trandational and
Therapeutic Aspects. Curr Psychiatry Rep 19, 67, doi:10.1007/s11920-017-0819-1
(2017).

9 Barengolts, E. Oxytocin - an Emerging Treatment for Obesity and Dysglycemia: Review
of Randomized Controlled Trials and Cohort Studies. Endocrine practice : official
journal of the American College of Endocrinology and the American Association of
Clinical Endocrinologists 22, 885-894, doi:10.4158/EP151192.RA (2016).

10 Amad, A., Thomas, P. & Perez-Rodriguez, M. M. Borderline Personality Disorder and
Oxytocin: Review of Clinical Trials and Future Directions. Curr Pharm Des 21, 3311-
3316, doi:10.2174/1381612821666150619093019 (2015).

11 Bakermans-Kranenburg, M. J. & van, I. J. M. H. Sniffing around oxytocin: review and
meta-analyses of trials in heathy and clinical groups with implications for
pharmacotherapy. Trand Psychiatry 3, €258, doi:10.1038/tp.2013.34 (2013).

12 Martins, D., Paduraru, M. & Paloydis, Y. Heterogeneity in response to repeated
intranasal oxytocin in schizophrenia and autism spectrum disorders. a meta-analysis of
variance. Br J Pharmacol, doi:10.1111/bph.15451 (2021).

13 Wagner, S. & Harony-Nicolas, H. Oxytocin and Animal Models for Autism Spectrum
Disorder.  Current topics in  behavioral neurosciences 35, — 213-237,
doi:10.1007/7854_2017_15 (2018).

14 Yamasue, H. et al. Integrative approaches utilizing oxytocin to enhance prosocial
behavior: from animal and human social behavior to autistic social dysfunction. The
Journal of neuroscience : the official journal of the Society for Neuroscience 32, 14109-
14117, doi:10.1523/INEUROSCI.3327-12.2012 (2012).

15 Kendrick, K. M., Keverne, E. B. & Baldwin, B. A. Intracerebroventricular oxytocin
stimulates maternal behaviour in the sheep. Neuroendocrinology 46, 56-61,
doi:10.1159/000124796 (1987).

41


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

16 Havranek, T. et al. Intracerebroventricular oxytocin administration in rats enhances object
recognition and increases expression of neurotrophins, microtubule-associated protein 2,
and synapsin |. J Neurosci Res 93, 893-901, doi:10.1002/jnr.23559 (2015).

17 Jonaidi, H., Oloumi, M. M. & Denbow, D. M. Behaviora effects of
intracerebroventricular injection of oxytocin in birds. Physiol Behav 79, 725-729,
doi:10.1016/s0031-9384(03)00145-8 (2003).

18 Quintana, D. S., Smerud, K. T., Andreassen, O. A. & Djupesland, P. G. Evidence for
intranasal oxytocin delivery to the brain: recent advances and future perspectives. Ther
Deliv 9, 515-525, doi:10.4155/tde-2018-0002 (2018).

19 Macdonald, K. & Feifel, D. Helping oxytocin deliver: considerations in the development
of oxytocin-based therapeutics for brain disorders. Front Neurosci 7, 35,
doi:10.3389/fnins.2013.00035 (2013).

20 Born, J. et al. Sniffing neuropeptides: a transnasal approach to the human brain. Nat
Neurosci 5, 514-516, doi:10.1038/nn849 (2002).

21 Guastella, A. J. et al. Recommendations for the standardisation of oxytocin nasal
administration and guidelines for its reporting in  human  research.
Psychoneuroendocrinology 38, 612-625, doi:10.1016/j.psyneuen.2012.11.019 (2013).

22 Martins, D. A. et al. Effects of route of administration on oxytocin-induced changes in
regional cerebral blood flow in humans. Nat Commun 11, 1160, doi:10.1038/s41467-020-
14845-5 (2020).

23 Martin, B. et al. Class Il G protein-coupled receptors and their ligands in neuronal
function and protection. Neuromolecular Med 7, 3-36 (2005).

24 Busnelli, M. & Chini, B. Molecular Basis of Oxytocin Receptor Signalling in the Brain:
What We Know and What We Need to Know. Curr Top Behav Neurosci 35, 3-29,
doi:10.1007/7854_2017_6 (2018).

25 Chini, B., Verhage, M. & Grinevich, V. The Action Radius of Oxytocin Release in the
Mammalian CNS: From Single Vesicles to Behavior. Trends Pharmacol Sci 38, 982-991,
doi:10.1016/}.tips.2017.08.005 (2017).

26 Gimpl, G. & Fahrenholz, F. The oxytocin receptor system: structure, function, and
regulation. Physiol Rev 81, 629-683, doi:10.1152/physrev.2001.81.2.629 (2001).

27 Huber, D., Veinante, P. & Stoop, R. Vasopressin and oxytocin excite distinct neuronal
populations in the central amygdala. Science 308, 245-248, doi:10.1126/science.1105636
(2005).

28 Benelli, A. et al. Polymodal dose-response curve for oxytocin in the social recognition
test. Neuropeptides 28, 251-255, doi:10.1016/0143-4179(95)90029-2 (1995).

29 Popik, P., Vetulani, J. & van Ree, J. M. Low doses of oxytocin facilitate social
recognition in rats. Psychopharmacology (Berl) 106, 71-74, doi:10.1007/bf02253591
(1992).

30 Quintana, D. S. et al. Low dose intranasal oxytocin delivered with Breath Powered device
dampens amygdala response to emotional stimuli: A peripheral effect-controlled within-
subjects randomized dose-response fMRI trial. Psychoneuroendocrinology 69, 180-188,
doi:10.1016/j.psyneuen.2016.04.010 (2016).

31 Quintana, D. S. et al. Dose-dependent social-cognitive effects of intranasal oxytocin
delivered with novel Breath Powered device in adults with autism spectrum disorder: a
randomized placebo-controlled double-blind crossover trial. Trand Psychiatry 7, 1136,
doi:10.1038/tp.2017.103 (2017).

42


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

32 Quintana, D. S. et al. Low-dose intranasal oxytocin delivered with Breath Powered device
modulates pupil diameter and amygdala activity: a randomized controlled pupillometry
and fMRI study. Neuropsychopharmacology 44, 306-313, doi:10.1038/s41386-018-0241-
3(2019).

33 Spengler, F. B. et al. Kinetics and Dose Dependency of Intranasal Oxytocin Effects on
Amygdala Reactivity. Biol Psychiatry 82, 885-894, doi:10.1016/j.biopsych.2017.04.015
(2017).

34 Lieberz, J. et al. Kinetics of oxytocin effects on amygdala and striatal reactivity vary
between women and men. Neuropsychopharmacology, doi:10.1038/s41386-019-0582-6
(2019).

35 Chen, K., Ye, Y., Troje, N. F. & Zhou, W. Oxytocin modulates human chemosensory
decoding of sex in a dose-dependent manner. Elife 10, doi:10.7554/elife.59376 (2021).

36 Erdozain, A. M. & Penagarikano, O. Oxytocin as Treatment for Social Cognition, Not
There Y et. Front Psychiatry 10, 930, doi:10.3389/fpsyt.2019.00930 (2019).

37 Wang, D. J, Chen, Y., Fernandez-Seara, M. A. & Detre, J. A. Potentials and challenges
for arterial spin labeling in pharmacological magnetic resonance imaging. The Journal of
pharmacology and experimental therapeutics 337, 359-366, doi:10.1124/jpet.110.172577
(2012).

38 Khalili-Mahani, N. et al. Biomarkers, designs, and interpretations of resting-state fMRI in
trandlational pharmacological research: A review of state-of-the-Art, challenges, and
opportunities for studying brain chemistry. Hum Brain Mapp 38, 2276-2325,
doi:10.1002/hbm.23516 (2017).

39 Paloyelis, Y. et al. A Spatiotemporal Profile of In Vivo Cerebral Blood Flow Changes
Following Intranasal Oxytocin in Humans. Biol Psychiatry 79, 693-705,
doi:10.1016/j .biopsych.2014.10.005 (2016).

40 Handley, R. et al. Acute effects of single-dose aripiprazole and haloperidol on resting
cerebral blood flow (rCBF) in the human brain. Hum Brain Mapp 34, 272-282,
doi:10.1002/hbm.21436 (2013).

41 Doyle, O. M. et al. Quantifying the attenuation of the ketamine pharmacological magnetic
resonance imaging response in humans. a validation using antipsychotic and
glutamatergic agents. J Pharmacol Exp Ther 345, 151-160, doi:10.1124/jpet.112.201665
(2013).

42 Hodkinson, D. J. et al. Quantifying the test-retest reliability of cerebral blood flow
measurements in a clinical model of on-going post-surgical pain: A study using pseudo-
continuous  arterial spin  labélling. Neuroimage Clin 3,  301-310,
doi:10.1016/j.nicl.2013.09.004 (2013).

43 Drake, C. T. & ladecola, C. The role of neuronal signaling in controlling cerebral blood
flow. Brain Lang 102, 141-152, doi:10.1016/j.bandl.2006.08.002 (2007).

44 Rosenfeld, A. J.,, Lieberman, J. A. & Jarskog, L. F. Oxytocin, dopamine, and the
amygdalas a neurofunctional model of social cognitive deficits in schizophrenia.
Schizophr Bull 37, 1077-1087, doi:10.1093/schbul/sbq015 (2011).

45 Campbdl-Smith, E. J., Holmes, N. M., Lingawi, N. W., Panayi, M. C. & Westbrook, R.
F. Oxytocin signaling in basolateral and central amygdala nuclei differentially regulates
the acquisition, expression, and extinction of context-conditioned fear in rats. Learning &
memory (Cold Spring Harbor, N.Y.) 22, 247-257, doi:10.1101/Im.036962.114 (2015).

46 Radke, S. et al. Oxytocin reduces amygdala responses during threat approach.
Psychoneuroendocrinology 79, 160-166, doi:10.1016/j.psyneuen.2017.02.028 (2017).

43


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

47 Kirsch, P. et al. Oxytocin modulates neural circuitry for social cognition and fear in
humans. J Neurosci 25, 11489-11493, doi:10.1523/INEUROSCI.3984-05.2005 (2005).

48 Ferretti, V. et al. Oxytocin Signaling in the Centra Amygdala Modulates Emotion
Discrimination in Mice. Curr Biol 29, 1938-1953 €1936, doi:10.1016/j.cub.2019.04.070
(2019).

49 Knobloch, H. S. et al. Evoked axonal oxytocin release in the central amygdala attenuates
fear response. Neuron 73, 553-566, doi:10.1016/j.neuron.2011.11.030 (2012).

50 Eckstein, M. et al. Oxytocin differentially alters resting state functional connectivity
between amygdala subregions and emotional control networks: Inverse correlation with
depressive traits. Neuroimage 149, 458-467, doi:10.1016/j.neuroimage.2017.01.078

(2017).
51 Pagani, M. et al. Acute and Repeated Intranasal Oxytocin Differentially Modulate Brain-
wide Functional Connectivity. Neuroscience 445, 83-94,

doi:10.1016/j.neuroscience.2019.12.036 (2020).

52 Schwarz, A. J., Gozzi, A., Reese, T. & Bifone, A. In vivo mapping of functional
connectivity in neurotransmitter systems using pharmacological MRI. Neuroimage 34,
1627-1636, doi:10.1016/j.neuroimage.2006.11.010 (2007).

53 Gozzi, A. et al. A neura switch for active and passive fear. Neuron 67, 656-666,
doi:10.1016/].neuron.2010.07.008 (2010).

54 Gozzi, A. et al. Modulation of fronto-cortical activity by modafinil: a functional imaging
and fos study in the rat. Neuropsychopharmacology 37, 822-837,
doi:10.1038/npp.2011.260 (2012).

55 Galbusera, A. et al. Intranasal Oxytocin and Vasopressin Modulate Divergent Brainwide
Functional Substrates. Neur opsychophar macology 42, 1420-1434,
doi:10.1038/npp.2016.283 (2017).

56 Pagani, M. et al. Acute and Repeated Intranasal Oxytocin Differentially Modulate Brain-
wide Functional Connectivity. Neuroscience, doi:10.1016/j.neuroscience.2019.12.036
(2020).

57 Lee, M. R. et al. Labeled oxytocin administered via the intranasal route reaches the brain
in rhesus macaques. Nat Commun 11, 2783, doi:10.1038/s41467-020-15942-1 (2020).

58 Smith, A. S, Korgan, A. C. & Young, W. S. Oxytocin delivered nasaly or
intraperitoneally reaches the brain and plasma of normal and oxytocin knockout mice.
Pharmacol Res 146, 104324, doi:10.1016/j.phrs.2019.104324 (2019).

59 Shen, E. H., Overly, C. C. & Jones, A. R. The Allen Human Brain Atlas: comprehensive
gene expresson mapping of the human brain. Trends Neurosci 35, 711-714,
doi:10.1016/}.tins.2012.09.005 (2012).

60 Pattinson, K. T., Rogers, R., Mayhew, S. D., Tracey, |. & Wise, R. G. Pharmacological
FMRI: measuring opioid effects on the BOLD response to hypercapnia. J Cereb Blood
Flow Metab 27, 414-423, doi:10.1038/5.jcbfm.9600347 (2007).

61 Petersson, M. Cardiovascular effects of oxytocin. Prog Brain Res 139, 281-288,
doi:10.1016/50079-6123(02)39024-1 (2002).

62 Bourke, J. H. & Wall, M. B. phMRI: methodological considerations for mitigating
potential confounding factors. Front Neurosci 9, 167, doi:10.3389/fnins.2015.00167
(2015).

63 lannetti, G. D. & Wise, R. G. BOLD functional MRI in disease and pharmacological
studies. room for improvement? Magn Reson Imaging 25, 978-988,
doi:10.1016/j.mri.2007.03.018 (2007).


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

64 Jenkins, B. G. Pharmacologic magnetic resonance imaging (phMRI): imaging drug action
in the brain. Neuroimage 62, 1072-1085, doi:10.1016/j.neuroimage.2012.03.075 (2012).

65 Urback, A. L., Macintosh, B. J. & Goldstein, B. I. Cerebrovascular reactivity measured by
functional magnetic resonance imaging during breath-hold challenge: A systematic
review. Neurosci Biobehav Rev 79, 27-47, doi:10.1016/j.neubiorev.2017.05.003 (2017).

66 Kreuder, A. K. et al. Common and dissociable effects of oxytocin and lorazepam on the
neurocircuitry of fear. Proc Natl Acad Sci U SA, doi:10.1073/pnas.1920147117 (2020).

67 Koch, S. B. et al. Intranasal Oxytocin Normalizes Amygdala Functional Connectivity in
Posttraumatic  Stress  Disorder.  Neuropsychopharmacology 41, 2041-2051,
doi:10.1038/npp.2016.1 (2016).

68 Rimoldi, V. et al. Oxytocin receptor dicits different EGFR/MAPK activation patterns
depending on its localization in caveolin-1 enriched domains. Oncogene 22, 6054-6060,
doi:10.1038/5.0nc.1206612 (2003).

69 Smith, M. P. et al. Internalization and desensitization of the oxytocin receptor is inhibited
by Dynamin and clathrin mutants in human embryonic kidney 293 cells. Mol Endocrinol
20, 379-388, doi:10.1210/me.2005-0031 (2006).

70 Conti, F., Sertic, S., Reversi, A. & Chini, B. Intracelular trafficking of the human
oxytocin receptor: evidence of receptor recycling via a Rab4/Rab5 "short cycle'.
American journal of physiology. Endocrinology and metabolism 296, E532-542,
doi:10.1152/ajpendo.90590.2008 (2009).

71 Leng, G. & Ludwig, M. Intranasal Oxytocin: Myths and Delusions. Biol Psychiatry 79,
243-250, doi:10.1016/j.biopsych.2015.05.003 (2016).

72 Declerck, C. H., Lambert, B. & Boone, C. Sexual dimorphism in oxytocin responses to
health perception and disgust, with implications for theories on pathogen detection. Horm
Behav 65, 521-526, doi:10.1016/j.yhbeh.2014.04.010 (2014).

73 Luo, L. et al. Sex-dependent neural effect of oxytocin during subliminal processing of
negative emotion faces. Neuroimage 162, 127-137,
doi:10.1016/].neuroimage.2017.08.079 (2017).

74 Gao, S. et al. Oxytocin, the peptide that bonds the sexes also divides them. Proc Natl
Acad Sci U SA 113, 7650-7654, doi:10.1073/pnas.1602620113 (2016).

75 Moeller, W. et al. Ventilation and aerosolized drug delivery to the paranasal sinuses using
pulsating airflow - a preliminary study. Rhinology 47, 405-412, doi:10.4193/Rhin08.180
(2009).

76 Xi, J. et al. Visualization and Quantification of Nasal and Olfactory Deposition in a
Sectional Adult Nasal Airway Cast. Pharm Res 33, 1527-1541, doi:10.1007/s11095-016-
1896-2 (2016).

77 Cheng, Y. S. et al. Characterization of nasal spray pumps and deposition pattern in a
replica of the human nasal arway. J Aerosol Med 14, 267-280,
doi:10.1089/08942680152484199 (2001).

78 Freeman, S. M. et al. Effect of age and autism spectrum disorder on oxytocin receptor
density in the human basal forebrain and midbrain. Trand Psychiatry 8, 257,
doi:10.1038/s41398-018-0315-3 (2018).

79 Uhrig, S. et al. Reduced oxytocin receptor gene expression and binding sites in different
brain regions in schizophreniaz A post-mortem study. Schizophr Res 177, 59-66,
doi:10.1016/j.schres.2016.04.019 (2016).

45


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

80 Meynen, G., Unmehopa, U. A., Hofman, M. A., Swaab, D. F. & Hoogendijk, W. J.
Hypothalamic oxytocin mRNA expression and melancholic depression. Mol Psychiatry
12, 118-119, doi:10.1038/5.mp.4001911 (2007).

81 Lee, M. R. et al. Effect of alcohol use disorder on oxytocin peptide and receptor mRNA
expression in human brain: A post-mortem case-control study.
Psychoneuroendocrinology 85, 14-19, doi:10.1016/j.psyneuen.2017.07.481 (2017).

82 Brockmann, R., Beyer, A., Heinisch, J. J. & Wilhelm, T. Posttranscriptional expression
regulation: what determines trandation rates? PLoS Comput Biol 3, €57,
doi:10.1371/journal .pchi.0030057 (2007).

83 Greene, R. K. et al. The effects of intranasal oxytocin on reward circuitry responses in
children with autism spectrum disorder. J Neurodev Disord 10, 12, doi:10.1186/s11689-
018-9228-y (2018).

84 Xu, X. et al. Oxytocin Facilitates Self-Serving Rather Than Altruistic Tendencies in
Compsetitive Socia Interactions Via Orbitofrontal Cortex. The international journal of
neur opsychophar macology 22, 501-512, doi:10.1093/ijnp/pyz028 (2019).

85 Sheehan, D. V. et al. The Mini-International Neuropsychiatric Interview (M.I.N.1.): the
development and validation of a structured diagnostic psychiatric interview for DSM-I1V
and ICD-10. The Journal of clinical psychiatry 59 Suppl 20, 22-33;quiz 34-57 (1998).

86 Fafrowicz, M. et al. Beyond the Low Freguency Fuctuations. Morning and Evening
Differences in Human  Brain. Frontt Hum  Neurosci 13, 288,
doi:10.3389/fnhum.2019.00288 (2019).

87 Kagerbauer, S. M. et al. Absence of a diurnal rhythm of oxytocin and arginine-
vasopressin in human cerebrospinal fluid, blood and saliva. Neuropeptides 78, 101977,
doi:10.1016/].npep.2019.101977 (2019).

88 Bright, M. G. & Murphy, K. Reliable quantification of BOLD fMRI cerebrovascular
reactivity despite poor breath-hold performance. Neuroimage 83, 559-568,
doi:10.1016/].neuroimage.2013.07.007 (2013).

89 Kastrup, A., Kruger, G., Neumann-Haefelin, T. & Mosdeey, M. E. Assessment of
cerebrovascular reactivity with functional magnetic resonance imaging: comparison of
CO(2) and breath holding. Magn Reson Imaging 19, 13-20, doi:10.1016/90730-
725x(01)00227-2 (2001).

90 Friedman, L. et al. Chronic smoking and the BOLD response to a visual activation task
and a breath hold task in patients with schizophrenia and healthy controls. Neuroimage
40, 1181-1194, doi:10.1016/j.neuroimage.2007.12.040 (2008).

91 Riecker, A. et al. Relation between regional functiona MRI activation and vascular
reactivity to carbon dioxide during normal aging. J Cereb Blood Flow Metab 23, 565-573,
doi:10.1097/01.WCB.0000056063.25434.04 (2003).

92 Pattinson, K. T. et al. Opioids depress cortical centers responsible for the volitional
control of respiration. The Journal of neuroscience : the official journal of the Society for
Neuroscience 29, 8177-8186, doi:10.1523/INEUROSCI.1375-09.2009 (2009).

93 Scouten, A. & Schwarzbauer, C. Paced respiration with end-expiration technique offers
superior BOLD signal repeatability for breath-hold studies. Neuroimage 43, 250-257,
doi:10.1016/}.neuroimage.2008.03.052 (2008).

9 Liu, H. L., Huang, J., Wu, C. T. & Hsu, Y. Y. Detectability of blood oxygenation level-
dependent signal changes during short breath hold duration. Magn Reson Imaging 20,
643-648, doi:10.1016/s0730-725x(02)00595-7 (2002).

46


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

95 Alsop, D. C. et al. Recommended implementation of arterial spin-labeled perfusion MRI
for clinical applications. A consensus of the ISMRM perfusion study group and the
European consortium for ASL in dementiaa Magn Reson Med 73, 102-116,
doi:10.1002/mrm.25197 (2015).

96 Murphy, K., Harris, A. D. & Wise, R. G. Robustly measuring vascular reactivity
differences with breath-hold: normalising stimulus-evoked and resting state BOLD fMRI
data. Neuroimage 54, 369-379, doi:10.1016/j.neuroimage.2010.07.059 (2011).

97 Mato Abad, V., Garcia-Polo, P., O'Daly, O., Hernandez-Tamames, J. A. & Zelaya, F.
ASAP (Automatic Software for ASL Processing): A toolbox for processing Arterial Spin
Labeling images. Magn Reson Imaging 34, 334-344, doi:10.1016/j.mri.2015.11.002
(2016).

98 Chuen, L., Sears, D. & Mcadams, S. Psychophysiological responses to auditory change.
Psychophysiology 53, 891-904, doi:10.1111/psyp.12633 (2016).

99 Feser, W. J,, Fingerlin, T. E., Strand, M. J. & Glueck, D. H. Calculating Average Power
for the Benjamini-Hochberg Procedure. J Stat Theory Appl 8, 325-352 (2009).

100 Mutsaerts, H. et al. Cerebral perfusion changes in presymptomatic genetic frontotemporal
dementiaz. a GENFI study. Brain : a journal of neurology 142, 1108-1120,
doi:10.1093/brain/awz039 (2019).

101  Takeuchi, H. et al. Cerebral blood flow during rest associates with general intelligence
and creativity. PLoS One 6, €25532, doi:10.1371/journal.pone.0025532 (2011).

102 Joe, A. Y. et al. Response-dependent differences in regional cerebral blood flow changes
with citalopram in treatment of major depression. J Nucl Med 47, 1319-1325 (2006).

103 Thomas, B. P. et al. Life-long aerobic exercise preserved baseline cerebral blood flow but
reduced vascular reactivity to CO2. J Magn Reson Imaging 38, 1177-1183,
doi:10.1002/jmri.24090 (2013).

104 Loggia, M. L. et al. Default mode network connectivity encodes clinical pain: an arterial
spin labeling study. Pain 154, 24-33, doi:10.1016/j.pain.2012.07.029 (2013).

105 Nwokolo, M. et al. Hypoglycemic thalamic activation in type 1 diabetes is associated
with preserved symptoms despite reduced epinephrine. J Cereb Blood Flow Metab,
271678X19842680, doi:10.1177/0271678X19842680 (2019).

106  Eklund, A., Nichals, T. E. & Knutsson, H. Cluster failuree Why fMRI inferences for
gpatial extent have inflated false-positive rates. Proc Natl Acad Sci U SA 113, 7900-7905,
doi:10.1073/pnas.1602413113 (2016).

107 Veronese, M. et al. Covariance statistics and network analysis of brain PET imaging
studies. Sci Rep 9, 2496, doi:10.1038/s41598-019-39005-8 (2019).

108 Zhang, K. et al. Comparison of cerebral blood flow acquired by simultaneous [150]water
positron emission tomography and arterial spin labeling magnetic resonance imaging. J
Cereb Blood Flow Metab 34, 1373-1380, doi:10.1038/jcbfm.2014.92 (2014).

109 Marquand, A. F. et al. Dissociable effects of methylphenidate, atomoxetine and placebo
on regional cerebral blood flow in healthy volunteers at rest: a multi-class pattern
recognition approach. Neuroimage 60, 1015-1024, doi:10.1016/j.neuroimage.2012.01.058
(2012).

110  Quintana, D. S. et al. Oxytocin pathway gene networks in the human brain. Nat Commun
10, 668, doi:10.1038/s41467-019-08503-8 (2019).

111  Grinevich, V., Knobloch-Bollmann, H. S., Eliava, M., Busndli, M. & Chini, B.
Assembling the Puzzle: Pathways of Oxytocin Signaling in the Brain. Biol Psychiatry 79,
155-164, doi:10.1016/j.biopsych.2015.04.013 (2016).

a7


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

112 Baribeau, D. A. & Anagnostou, E. Oxytocin and vasopressin: linking pituitary
neuropeptides and their receptors to social neurocircuits. Front Neurosci 9, 335,
doi:10.3389/fnins.2015.00335 (2015).

113 Bullmore, E. & Sporns, O. Complex brain networks:. graph theoretical analysis of
structural and functional systems. Nature reviews. Neuroscience 10, 186-198,
doi:10.1038/nrn2575 (2009).

114  Rubinov, M. & Sporns, O. Complex network measures of brain connectivity: uses and
interpretations.  Neuroimage 52, 1059-1069, doi:10.1016/j.neuroimage.2009.10.003
(2010).

115 Nichols, T. E. & Holmes, A. P. Nonparametric permutation tests for functional
neuroimaging: a primer with exampless Hum Brain Mapp 15, 1-25,
doi:10.1002/hbm.1058 (2002).

116  Nakhmani, A. & Tannenbaum, A. A New Distance Measure Based on Generalized Image
Normalized Cross-Correlation for Robust Video Tracking and Image Recognition.
Pattern Recognit Lett 34, 315-321, doi:10.1016/j.patrec.2012.10.025 (2013).

117  Hawrylycz, M. J. et al. An anatomically comprehensive atlas of the adult human brain
transcriptome. Nature 489, 391-399, doi:10.1038/nature11405 (2012).

118 Deskan, R. S. et al. An automated labeling system for subdividing the human cerebral
cortex on MRI scans into gyral based regions of interest. Neuroimage 31, 968-980,
doi:10.1016/}.neuroimage.2006.01.021 (2006).

119 Arnatkeviciute, A., Fulcher, B. D. & Fornito, A. A practical guide to linking brain-wide
gene expresson and neuroimaging data. Neuroimage 189, 353-367,
doi:10.1016/].neuroimage.2019.01.011 (2019).

120 Hawrylycz, M. et al. Canonical genetic signatures of the adult human brain. Nat Neurosci
18, 1832-1844, doi:10.1038/nn.4171 (2015).

121  Alexander-Bloch, A., Giedd, J. N. & Bullmore, E. Imaging structural co-variance between
human brain regions. Nature reviews. Neuroscience 14, 322-336, doi:10.1038/nrn3465
(2013).

122  Alexander-Bloch, A., Raznahan, A., Bullmore, E. & Giedd, J. The convergence of
maturational change and structural covariance in human cortical networks. The Journal of
neuroscience : the official journal of the Society for Neuroscience 33, 2889-2899,
doi:10.1523/INEUROSCI.3554-12.2013 (2013).

123 Vasa, F. et al. Adolescent Tuning of Association Cortex in Human Structural Brain
Networks. Cereb Cortex 28, 281-294, doi:10.1093/cercor/bhx249 (2018).

ACKNOWLEDGMENTS: Wewould like to thank all volunteers contributing data to this study.
Funding: This study was part-funded by: an Economic and Socia Research Council Grant
(ESYK009400/1) to YP; scanning time support by the National Institute for Health Research
(NIHR) Biomedical Research Centre at South London and Maudsley NHS Foundation Trust and

King's College London to YP; an unrestricted research grant by PARI GmbH to YP. Author

48


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

contributions: YP and DM designed the study; DM and KB collected the data; NM provided
medical supervision; DM, MV and OD analyzed the data; FZ provided new analytical tools; DM
and YP wrote the first draft of the paper and all co-authors provided critical revisions.
Competing interests: The authors declare no competing interests. This manuscript represents
independent research. The views expressed are those of the authors and not necessarily those of

the NHS, the NIHR, the Department of Health and Social Care, or PARI GmbH.

49


https://doi.org/10.1101/2021.01.18.427062

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427062; this version posted May 19, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figures

Fig. 1 — Overview of the experimental protocol. In this diagram, we provide an overview of the
experimental procedures of our study.

Pre-Scanning period: Each session started with a quick assessment of vitals (heart rate and blood

pressure) and collection of two blood samples for plasma isolation. Then, participants self-
administered one of three possible doses of intranasal oxytocin (~9, 18 or 36 IU) or placebo using
the PARI SINUS nebulizer. The participants used the nebulizer for 3 mins in each nostril (total
administration 6 mins). Immediately before and after drug administration, participants filled a
battery of visual analog scales (VAS) to assess subjective drug effects (alertness, mood and
anxiety).

Scanning Period: Participants were then guided to a magnetic resonance imaging scanner, where

acquired BOLD-fMRI during a breath hold task, three consecutive arteria spin labelling scans,
one BOLD-fMRI prosocia learning task, followed by structural scans and one BOLD-fMRI
resting-state at the end. We present the time-interval post-dosing (mean time from drug
administration offset) during which each scan took place. At the end of the scanning session, we

repeated the same battery of VAS to subjective drug effects.
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Fig. 2 — Doseresponse effects of intranasal oxytocin on rCBF in the amygdala and its
subdivisions. We investigated the effects of treatment, time-interval and treatment X time-
interval on rCBF for 10 regions-of-interest (ROIS) including the right and left amygdala and its
respective centromedial, laterobasal, superficial and amygdalostriatal transition area subdivisions
(left panel), while controlling for global CBF. In the right panel, we present the results of the
post-hoc investigations of the ssmple dose effects for the ROIs where we detected a significant
main effect of treatment. Statistical significance was set at p < 0.05, after correcting for multiple

comparisons using the Sidak correction.
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Fig. 3 - Dose-response effects of intranasal oxytocin on the functional connectivity of the
amygdala with the remaining regions of the brain oxytocinergic circuits. We investigated the
effects of each dose of intranasal oxytocin, when compared to placebo, on the functional
connectivity of the amygdala with the remaining regions-of-interest (ROI) of our brain
oxytocinergic network. Instead of conducting datistical analyses on each ROI-to-ROI
connections of our network, we summarized the properties of the amygdala’ s connections using
two graph-theory modelling metrics, node strength and clustering coefficient. Then, we compared
node strength and clustering coefficient between each dose and placebo, using permutation
testing (10000 permutations). Statistical significance was set to p < 0.05 (two-tailed). When a
significant effect from placebo was found, we then compared each pair of doses directly. In panel
A, we plot the clustering coefficient and node strength of the right and left amygdala for each
treatment level. In panel B, we show for illustrative purposes a heatmap of the significant ROI-to-
ROI rCBF correlations (p<0.05) involving the right and left amygdala (non-significant
correlations were kept white) to help us to understand what changes in functional connectivity are
more likely to be driving the changes in clustering coefficient and node strength we present for
the low dose in panel A. Colours represent the magnitude of the correlation coefficient; R —

Right; L — Left.
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Fig. 4 — Dose-response effects of intranasal oxytocin on the functional connectivity of the
oxytocinergic circuitsin the human brain. We investigated the effects of our different doses of
intranasal oxytocin on the functional connectivity of an oxytocinergic network encompassing 31
regions-of-interest (ROI) suggested to be part of the main oxytocinergic circuits in the human
brain. We used group-based regiona cerebral blood flow (rCBF) covariance as a proxy for
functional connectivity between ROIs. For each of our four treatment conditions, we created
rCBF-covariance matrices reflecting the correlations of rCBF between each pair of ROIs of our
oxytocinergic network across subjects. We show in this figure these four symmetric 31 x 31 ROIs
matrices. We then assessed treatment related-effects using Pearson’s cross-correlations between
the lower triangles of each of our three doses covariance matrices and the one from placebo
(reference) as a measure of between-matrices similarity. Please note that these cross-correlations
were calculated using only the significant correlations (p < 0.05) present in the two matrices of

each pair (i.e. elements of the matrices that overlap after thresholding) — we did not include all
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other non-significant correlations to reduce noise from potential spurious correlations. In simple
terms, a significant high cross-correlation is indicative of high similarity between the treatment
and placebo matrices. This would be compatible with absence of significant treatment effects.
Decreases in cross-correlations coefficients across doses indicate decreases in similarity with the
placebo’s matrix and therefore increases in the magnitude of treatment effects for a certain dose.
For each of these three cross-correlations we report the Pearson’s correlation coefficient (I pearson)
and the correspondent 95% confidence interval and p-value. Statistical significance was set to p <

0.05.
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Fig. 5 — Regional distribution of OXTR mRNA in the post-mortem human brain and changes
in perfusion induced by each dose of intranasal oxytocin. In panel A, we present a brain map
showing the spatial distribution of the mRNA of the oxytocin receptor (OXTR) in the post-
mortem human brain (microarray data from the Allen Brain Atlas (ABA)) mapped to the
Desikan-Killiani atlas (left hemisphere only). Colours depict z-score of mMRNA expression. In

panel B, we present the changes in CBF induced by each dose of intranasal oxytocin as compared
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to placebo, in each parcel of the DK atlas. Colours depict average T-statistics of all voxels within

each region (Dose > Placebo).

A. OXTRmMRNA
gt (K4
@G o
= @ . N
L L
E 2 .
4 2 a9 0 1 2 2
mRANA expression
(Z-score)
B.

- LR /ROD
- PRGLH O /OGO
@&\@%@ SO

2

ACBF
(T-statistics)

Fig. 6 — Relationship between intranasal oxytocin-induced changes in regional cerebral
blood flow (rCBF) and the mRNA expression of the oxytocin receptor in the post-mortem
human brain. In pand A, we present a heatmap showing non-parametric Spearman correlations
between each intranasal oxytocin dose-induced changes in rCBF and the levels of mMRNA of the
oxytocin receptor (OXTR) in the post-mortem human brain (microarray data from the Allen Brain
Atlas (ABA)). Colours depict the magnitude of the Spearman’s correlation coefficient.
Statistically significant correlations (p <0.01) are highlighted using two asterisks **. In panel B,
we present scatter plots for each of these correlations (X-axis — Z-scores of OXTR’s mRNA

expression levels, Y-axis — Z-scores of each dose-associated changes in rCBF from placebo
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(ACBF); each dot represents one of the 41 regions-of-interest (ROI) of the DK atlas we used in
this analysis to resample both the mRNA and ACBF data in the same space). The line presents
the result of a linear regression fit line. In panel C, we show density plots depicting distributions
of the spearman correlations between all ABA genes that passed our pre-processing criteria
(15,633 genes) and the changes in CBF associated with each dose. The black line marks the z-

score of the correlation for the OXTR gene in the distribution.
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Table 1 — Effects of treatment, time-interval and treatment x time-interval on r CBF in the

amygdala and its subdivisons. We investigated the effects of treatment, time-interval and

treatment x time-interval on rCBF for 10 anatomical regions-of-interest (ROIs) including the

right and left amygdala (whole) and its respective centromedial, laterobasal, superficial and

amygdalostriatal transition area subdivisons (left panel). We used a linear mixed-model,

considering treatment and time-interval as fixed factors, with a random intercept for subjects and

global CBF as a covariate. p-FDR values reflect adjusted p-values for the total number of ROIs

tested (n=10), using the Benjamini-Hochberg procedure. Statistical significance was set at p <

0.05 (two-tailed).

Region-of-interest

Main effect of treatment

Main effect of time

I nteraction

Treatment x Time

_ _ * p- _ * p- p-
F p-value p-FDR F value p-FDR F value FDR
) F(3,99.506) = F(2,168.916) F(6,95.746) =
Right amygdala py 0.429 0.536 2108919 | 0os2 | 0307 P 0771 | 1101
Right _
Amygdalostriatal | T(3119:772) 0.048 0080 | F182374) | 45oq | oger | F(BOLO8)= | 595 | 1488
la =2712 = 0.657 0.770
Transition Area
Right
. F(3,132.326) F(2,158.815) F(6,94.320) =
Centromedial 1152 0.249 0.356 2581 | 0a0e | 0818 oo 0489 | 1630
amygdala
Right Laterobasal | F(3,132.178) F(2,155.549) F(6,99.411) =
i iy 0578 0.642 P55 | 0923 | 0923 o 0945 | 0.945
Right Superficial | F(3,111.448) F(2.178.391) F(6,87.407) =
eaia s 0.013 0.043 P83 | 0746 | 0933 S0 0843 | 1.054
F(3,136.397) F(2,151.584) F(6,96.587) =
Left amygdala Py 0.022 0.044 2188 | o707 | 1010 P 0916 | 1.018
Left _
Amygdalostriatal | T1098D) 50000100 | 2000x10% | FR6679) | 5050 | om0 | FEBAETNE | 6770 | 1283
la =11370 3184 0.587
Transition Area
Left Centromedial | F(3,109.463) F(2,167.861) F(6,104.307)
et 2100 0.020 0.050 Z107850) | 0173 | 0433 104300 | 0362 | 3620
Left Laterobasal | F(3,112.230) F2.172.227) F(6,101.265)
P g 0.691 0,691 ZL72220) | 0086 | 0430 101299 | 0609 | 1398
Left Superficial | F(3,128.334) " F(2,182.500) F(6,96.155) =
il 21285 4.650x10 0.002 2182500 | 0774 | 0860 oy 0475 | 2375
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