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Abstract

Nitrous oxide (N,0) has recently emerged as a potential fast-acting antidepressant but the cerebral
mechanisms involved in this effect remain speculative. We hypothesized that the antidepressant
response to an Equimolar Mixture of Oxygen and Nitrous Oxide (EMONO) would be associated with
changes in cerebral connectivity and brain tissue pulsations (BTP).

Thirty participants (20 depressed and 10 healthy controls - HC) were exposed to a one-hour single session
of EMONO and followed for one week. Cerebral connectivity of the Anterior Cingulate Cortex (ACC, seed
based resting state blood oxygen level dependent) and BTP (as assessed with ultrasound Tissue
Pulsatility Imaging) were compared before and after exposure (as well as during exposure for BTP)
among HC, non-responders and responders. Response was defined as a reduction of at least 50% in the
MADRS score one week after exposure.

Nine (45%) depressed participants were considered responders and eleven (55%) non-responders. In
responders, we observed a significant reduction in the connectivity of the subgenual ACC with the
precuneus. Connectivity of the supracallosal ACC with the mid-cingulate also significantly decreased
after exposure in HC and in non-responders. BTP significantly increased in the 3 groups between baseline
and gas exposure, but the increase in BTP within the first ten minutes was only significant in responders.

We found that a single session of EMONO can rapidly modify the functional connectivity in the ACC,
especially in the subgenual region, which appears to contribute to the antidepressant response. In
addition, larger increases in BTPR, associated with a significant rise in cerebral blood flow, appear to
promote the antidepressant response, possibly by facilitating optimal drug delivery to the brain. Our study
identified potential cerebral mechanisms related to the antidepressant response of N,0O, as well as
potential markers for treatment response with this fast-acting antidepressant.

1. Introduction

Nitrous oxide (N,0) has recently emerged as a potential fast-acting antidepressant, based on a series of
randomized controlled trials that showed a rapid action of N,O to reduce depressive symptoms in
patients with treatment-resistant depression (TRD) [1-5]. The therapeutic procedure generally involved
patients with TRD, exposed to one or more sessions of one-hour gas exposure, constituted most of the
time by a mixture of 50%0,/50%N,0 (also labelled as Equimolar Mixture of Oxygen and Nitrous Oxide —
EMONO), which is the most commonly used packaging for medical use such as analgesia. Responders to
the gas generally exhibit a symptomatic improvement within two hours, an effect that tends to last at
least one week, although exact duration of response remains unknown and has not been systematically
investigated to date.

The antidepressant effects of N,O is thought to involve glutamatergic cerebral pathways, similar to
ketamine, another fast-acting antidepressant, although N,O induces only partial blockage of NMDA
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receptors as opposed to the full NMDA blockage observed with ketamine [6]. Additionally, preclinical
studies found that mice exposed to N,O showed increased synaptic glutamate-mediated transmission,
similar to ketamine [7]. N,O has also been found to promote hippocampal neurogenesis in rats, which
may also contribute to its antidepressant effect [8]. However, to date, the cerebral mechanisms involved in
the antidepressant effects of N,O in patients with depression remain largely speculative.

Cerebral connectivity, assessed with resting-state functional MRI, can be used to investigate functional
impairments in the brain of patients with psychiatric disorders, including depression that has been
associated with functional connectivity changes that could be restored with successful treatment [9].
Among the connectivity maps, the anterior cingulate cortex (which is constituted of subgenual, perigenual
and supracallosal - or dorsal - regions, respectively labelled as sgACC, pgACC and scACC) has been
suggested to constitute a major hub where impairments in this network may contribute to depressive
symptoms [10]. More specifically, depression has been associated with elevated baseline levels of activity
in sgACC, whereas normalization of this over-activity is thought to be an important biomarker of a
successful antidepressant treatment [10].

Other correlates of antidepressant response include changes in Brain Tissue Pulsations (BTP) as
assessed with the recently developed ultrasound neuroimaging methods of Tissue Pulsatility Imaging
(TPI). Indeed, findings from our group identified excessive brain pulsatile movements in patients with
depression [11], which are restored to safer level in responders to conventional antidepressants [12]. This
ultrasound technique has the advantage to be easily implemented in various protocols such that changes
in BTP can be easily investigated during gas exposure.

The goal of our study was to investigate pre- and post-treatment changes (as well as per-treatment for
BTP) in cerebral connectivity and BTP among healthy controls (HC) and depressed participants
(identified as responders or non-responders to the gas) exposed to a single one-hour EMONO exposure.
We hypothesized that the antidepressant response to EMONO would be associated with reduction in the
ACC connectivity and in BTP. We chose to focus on the ACC because of the previous evidence related to
the contribution of ACC in depression as well as preliminary findings that identified strong changes in
ACC connectivity in a single depressed patient exposed to N,0 [13]. We also chose to investigate BTP
during the procedure because N,0 has been associated with large increases in cerebral blood flow (CBF)
[14] which is major determinant of BTP and could facilitate optimal drug delivery to the brain.

2. Methods
2.1 Participants

Twenty participants with a major depressive episode (MDE) and 10 heathy controls (HC) were recruited
from our in- and outpatients psychiatric care units or from the clinical investigation center records,
respectively. We chose to include only females with a limited age range (25—50 years old) in order to limit
the variability of brain reactivity related to age and sex, and the possibility of group differences since
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responders and non-responders are determined a posteriori. Participants in the depressed group had to
meet DSM-IV criteria for MDE with a severity score >20 on the Montgomery—Asberg Depression Rating
Scale (MADRS) and were resistant to at least one well conducted antidepressant, as assessed with the
MGH-ATRQ. Non-inclusion criteria included bipolar or schizophrenic disorder, neurocognitive disorders,
substance abuse disorder, counter-indication to MRI, pregnancy and legal guardianship. Counter-
indications to EMONO exposure (intracranial hypertension, vigilance impairment, severe head trauma,
pneumothorax, emphysema, abdominal gas distension, recent use of ophthalmic gas - SF6, C3F8, C2F6,
known and untreated deficit in vitamin B12 or B9, recent unexplained neurologic impairments), the
presence of active and significant psychotic symptoms, as well as any unstable somatic disease that
could interfere with EMONO diffusion (neurological, cardiac or lung diseases) were also non-inclusion
criteria. HC had no psychiatric and no significant medical condition, and a MADRS score lower than 5.
Exclusion criteria included a positive pregnancy test, a deficit in vitamin B12 and clinically significant
abnormalities in MRI. The study was approved by the French National Agency (MEDAECPP-2019-07-
00014) and an independent national research ethics committee (17.07.04.43355). The project was
registered on the ClinicalTrials.gov website (NCT04199143) and was supervised by a clinical
investigation center (Inserm CIC1415). All of the patients signed informed-consent forms before enrolling
in the trial.

2.2 Study design

The study design was a 1-week open-labeled EMONO trial with 4 visits, at baseline, Day 0 (day of
exposure), Day 1 and Day 7. All the visits occurred in the clinical investigation center of the university
hospital of Tours, France. After informed consent, the baseline visit consisted in clinical and
psychometric assessments, vitamin B12 dosage and a first MRI scan. The second visit (Day 0) generally
occurred two days after the baseline visit, with a maximum of 5 days between visits, depending on the
availability of the MRI scan, and consisted in the EMONO exposure and ultrasound assessments followed
by the second MRI scan and psychometric assessment, two hours after exposure. A second dosage of
vitamin B12, ultrasound measures and clinical and psychometric assessments were performed on Day 1
(the day after EMONO exposure). The final visit on Day 7 (one week after EMONO exposure) consisted in
clinical and psychometric assessments.

2.3 Clinical and psychometric assessments

The clinical assessment included blood pressure, height and weight measurements. Psychometric
assessments were performed by a senior psychiatrist (TD) and included clinician-rated questionnaires
(the MADRS for the severity of the depressive symptoms, the Clinical Global Impressions (CGl) for a
general assessment of the disease severity, the Scale for Suicidal Ideations (SSI) for the severity of
suicidal symptoms and risk, the Young Mania Rating Scale (YMRS), the Clinician Administered
Dissociative States Scale (CADSS) and the Brief Psychiatric Rating Scale (BPRS) for the potential
presence and severity of, respectively, manic, dissociative and delusional symptoms) and self-rated
questionnaires namely the Quick Inventory of Depressive Symptomatology Self Report (QIDS-SR), the
State-Trait Anxiety Inventory (STAI), the Visual Analogical Assessment (VAS) for the severity of,
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respectively, depressive symptoms, anxiety symptoms and a general assessment of the participant’s well-
being. All these measures were performed at baseline, Day 0 (two hours after exposure), Day 1 and Day 7,
in the depressed participants only (except the MADRS that was performed at baseline for the HC). The
MADRS was used to classify participants regarding their response status. Depressed participants with a
MADRS reduction of 50% or greater at Day 7 compared to baseline were considered responders,
otherwise non-responders.

2.5 EMONO exposure

Gas exposure was performed using EMONO bottles marketed as KALINOX® (Air Liquide, France), which
include 4.4m? of a 50%N,0/50%0, mixture, a pressure regulator and an integrated flow meter of 15 liters.
We use this conditioning of EMONO because this is how N,0 is the most commonly used in medical

settings, for instance as an analgesic to reduce pain during potentially painful examinations. We referred
to the method for N,0 exposure described in [4]. All the participants were exposed to a one-hour EMONO

exposure accordingly. The whole procedure was performed in the clinical investigation center by a trained
nurse, under the supervision of a senior medical doctor (VG). EMONO was delivered via high
concentration facial masks to limit gas loss. Masks were connected to a specific monitor to continuously
measure N,O concentration. Gas flow was generally between 9 and 12L/min, a parameter that was

adjusted by the nurse during the procedure in order to reach the targeted 50% N,O concentration that tend
to decrease because masks are not fully airtight. Total N,O delivery was calculated for each participant
as follows: gas flow (L/min) x time of exposure (Min) (Table 1).
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Table 1

Comparisons of the clinical and ultrasound characteristics among responders, non-responders and
healthy controls. Values are expressed as the median (interquartile range) or n (%). Comparisons were
performed with Kruskal-Wallis or Mann-Whitney tests (quantitative data) and chi-squared tests
(qualitative data).

Age (years)

BMI (kg/m?)

SBP (mmHg)

DBP (mmHg)

Number of previous MDE
Duration of MDE (weeks)

Current medications,
antidepressants

SSRI

SNRI

TeCA

Current medications, others
Benzodiazepine
Lamotrigine

Quetiapine

Valpromide

MADRS Baseline

MADRS Day 7

CGl Baseline
CGl Day 7

SSI Baseline

SSI Day 7
QUIDS-SR Baseline
QUIDS-SR Day 7

Responders

(n=9)

39.0 (15.0)
23.1 (7.5)

122.0 (11.0)

79.0 (4.0)
1.0 (2.0)
32.0 (74.0)

5 (55.5%)
4 (44.4%)
2 (22.2%)

2 (22.2%)
0

1(11.1%)
1(11.1%)
28.0 (5.0)
9.0 (6.0)

5.0 (1.0)
2.0 (2.0)

1.0 (8.5)
0.0 (0.0)
20.0 (4.0)
8.0 (6.0)

Non-

responders

(n=11)
37.0 (9.0)
24.8 (10.2)

120.0 (27.5)

76.0 (15.5)
3.0 (1.5)
52.0 (94.0)

4 (36.4%)
7 (63.6%)
2 (18.2%)

4 (36.4%)

3 (27.3)

0

0

31.0 (4.0)

26.0 (13.0)

5.0 (0.5)
4.5 (1.5)

1.0 (4.0)
0.0 (4.0)
18 (5.0)
15.5 (16.0)
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Healthy Controls (n =

10)

34.5 (15.0)
23.6 (12.7)

119.5 (22.3)

77.0 (16.0)

p
value

0.973
0.707

0.979
0.992
0.459
0.675

0.391
0.391
0.822

0.492
0.089
0.257
0.257
0.285
1074

0.249
1074

0.725
0.178
0.789
0.022




Responders  Non- Healthy Controls (n=  p
responders 170) value
(n=9)
(n=11)

STAl Baseline 47.0 (23.5) 55.0 (21.0) - 0.323
STAl Day 7 39.0(12.5) 60.0 (16.75) - 0.013
VAS Baseline 40.0 (5.0) 50.0 (26.0) - 0.700
VAS Day 7 70.0 (12.5) 50.0 (35.0) - 0.017
Duration of EMONO exposure 60.0 (19.0) 60.0 (5.0) 60.0 (7.5) 0.587
(min)
Quantity of N,O delivered (Liter) ~ 507.0 540.0 (99.0) 540.0 (234.8) 0.710

(390.0)
Vitamine B12 Baseline 249.0 (55.5)  247.0(153.0) 290.5 (151.0) 0.548
Vitamine B12 Day 1 276.0 (60.5)  256.0 (157.0) 291.0 (186.2) 0.659
MeanBTP Baseline (um) 8.3 (4.1) 5.7 (4.7) 5.0(1.7) 0.211
MeanBTP Day 1 (um) 6.2 (6.9) 7.8 (8.9) 5.0 (5.1) 0.961
MaxBTP Baseline (um) 53.9 (34.5) 33.5(17.6) 39.45 (15.3) 0.255
MaxBTP Day 1 (um) 23.0(41.0) 47.7 (37.3) 34.3(16.5) 0.583
BMI: Body Mass Index; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; MDE:
Major Depressive Episode; SSRI: Selective Serotonin Reuptake Inhibitor ; SNRI: Serotonin-
Norepinephrine Reuptake Inhibitor; TeCAs: TertraCyclic Antidepressant ; MADRS:
Montgomery Asberg Depression Rating Scale; QIDS-SR: Quick Inventory of Depressive
Symptomatology Self-Report,; CGI: Clinical Global Impression ; SSI : Scale for Suicide Ideation
, STAI-Y-A: State-Trait Anxiety Inventory ; VAS : Visual Analogue Scale; BTP: Brain Tissue
Pulsations ; EMONO : Equimolar Mixture of Oxygen and Nitrous Oxide

Participants were continuously monitored for vitals (oximetry, blood pressure, heart and respiratory rates).
Additional safety monitoring included behavioral disorders and neurologic deficits, especially vigilance
disorders. After the exposure, all the participants received 15 minutes of 100% O, to limit the risk of
hypoxia and were monitored for at least 2 hours after the exposure. Finally, they were assessed one last
time by the medical doctor before they were authorized to safely leave the facility.

2.5 MRI Protocol

MR scans were collected at our hospital setting using a 3T Siemens PRISMA using a Siemens 20-channel
head coil. A sagittal, whole brain T1-weighted magnetization prepared rapid gradient echo (MPRAGE)
was collected with repetition time (TR) = 2300 ms, echo time (TE) = 2.98 ms, flip angle (FA) =9 deg, field
of view (FOV) = 256x256, T mm? isotropic resolution, no gap, and no acceleration. An axial, whole-brain
fluid attenuated inversion recovery (FLAIR) sequence was collected to appropriately identify white/gray
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matter as well as WMH, a marker of cSVD. This sequence had TR =8260 ms, TE =130 ms, FA =150 deg,
FOV =186x230, 0.9 x 0.9 x 2.5mm resolution, 2.5 mm gap, and no acceleration. We collected an axial,
whole brain echo-planar imaging (EPI) sequence to measure blood-oxygen dependent responses during
resting state. This sequence had a TR=1850 ms, TE =30 ms, FA=34 deg, FOV=192x192,3 x 3 x 3.7 mm
resolution, 3.68mm gap, and no acceleration. A gradient echo field map was also collected for correction
with TR=660 ms, TE=4.7 ms and 7.82 ms, FA =25 deg, FOV =280x280, 2.2 x 2.2 x 3 mm resolution, and
3mm gap. Overall, scanning lasted approximately 30 minutes and included other scans, which are not the
focus of the current manuscript.

We conducted structural and functional preprocessing of MRI using SPM12 unless otherwise noted [15].
All interpolations were done using 4th degree B-spline while similarity metrics were mutual information
(for motion correction) or normalized mutual information (coregistration between different image types).
FLAIR was coregistered to the MPRAGE then jointly segmented using unified segmentation to output 6
tissue classes. Number of Gaussians for white matter were set to two to account for white matter
hyperintensities. Segmentation outputs a deformation field used to normalize fMRI to a standard
anatomical space (Montreal Neurological Institute, MNI, space). We created an automated intracranial
mask by combining threshold maps of gray matter, white matter, and CSF (probability of 0.1) then
conducting image filling and image closing, which was used to skull strip the MPRAGE.

Resting state data was slice-time corrected, motion corrected, skull stripped with BET (brain extraction
tool in FSL), coregistered to the skull-stripped MPRAGE (using mean fMRI as reference), normalize to MNI
space (using previous deformation field), and spatially smoothed (full-width at half-maximum of 8mm).
We then conducted wavelet despiking using BrainWavelet Toolbox, which uses data-driven and a locally-
adaptive denoising method to deal with motion spike artefacts [16]. We regressed out the following using
SPM: 6 parameters of motion from motion correction, 5 eigenvariates of white matter and CSF (i.e.,
CompCor) [17], and sinusoids corresponding to unwanted frequencies outside of the band-pass in resting
state (i.e., a band-pass filter 0.008-0.15 Hz). This was done as to not reintroduce artefact or noise back
into our signal [18].

We computed functional connectivity maps for the anterior cingulate (ACC) using the AAL3 atlas [19] for
the left and right subgenual (sgACC), pregenual (pgACC), and supracallosal (scACC). We computed the
eigenvariate in each region and computed whole-brain Pearson correlation maps, which we transformed
into Z-scores by subtracting the global and dividing by the standard deviation.

2.6 Ultrasound Protocol

Ultrasound assessments were performed at Day 0 before, during and after EMONO exposure, as well as
at Day 1, by a trained investigator (PAD or BB) who was blinded for the clinical response. Ultrasound
assessments consisted in measuring Brain Tissue Pulsations (BTP) according to the Tissue Pulsatility
Imaging (TPI) technique which was previously used in experimental tasks involving HC and clinical
populations, including participants with depression [11, 12, 20, 21]. BTP measures were performed on an
ArtUS ultrasound scanner (Telemed; Lithuania). Transcranial acquisitions were performed with a P5-

Page 9/21



1S15-A6 phased-array transducer (Telemed; Lithuania). Measurements were performed through the right
temporal bone window with the probe firmly maintained by a mechanical holder to reduce artifacts
caused by the subject's movements. Color Doppler was used to center the US beam on the right Middle
Cerebral Artery (MCA). The US scanner was then switched to Echo-B mode to perform BTP measurements
centered on the MCA. With this configuration, we explored the circle of Willis and a transversal slice of the
temporal hemispheres.

For each subject, the whole protocol consisted of 2 minutes acquisitions, realized at different times: 12
acquisitions the day of exposure (one just before exposure, at H+2min, H+ 4min, H+ émin, H+ 8min, H +
10min, H+ 18min, H+28min, H + 38min, H+ 48min, H+ 58min and one after exposure), and one
acquisition the day after EMONO administration. However, some participants were agitated after 10
minutes of exposure which resulted in noisy signal and only 6 pertreatment acquisitions were kept for
the final analysis. The US scanner provided direct access to beam-formed radiofrequency (RF) lines,
which were used to estimate BTP. The data were then downloaded for offline analysis with MATLAB®
software (MathWorks Inc., USA).

Our method described in the following lines assesses the z axis component of brain displacements. The z
axis is perpendicular to the US probe surface and the x axis is long the probe surface. The ultrasound
(US) firing sequence includes of a group of M broad-view focused pulsing events that are transmitted in
order. Between adjacent firings, the transmission (TX) steering angle 6 (i.e., the propagation angle with
respect to the transducer surface normal) is incrementally changed so as to cover a span of M angles
over the entire group of pulsing events. For each focused transmission TX at a particular 6 angle,
beamformed IQ data line is obtained from echoes acquired from the transducers. At each time instant t,
we estimate the brain tissue motion independently at all the pixel positions. For a particular pixel of
interest situated on a US line referenced by the transmit angle 8, we used the temporal lag-one
autocorrelation algorithm [22] to estimate the phase shift Apbetween successive complex IQ data. We
used the revised form [23] of the Doppler equation

%
AP = ?(V nrx + V. ﬁRX)

%
used for vector flow estimation, where V' is the Doppler tissue velocity, A the US wavelength, T the I1Q

_>
temporal discretization interval, n 7x the direction of the ultrasound (US) propagation in transmit mode

%
TX, and n rx the direction of the US RX beamforming [22]. In our application, these two vectors

directions are identical and ﬁTX = ﬁRX = 7 with E} = (sinH, cosH). Thus, the phase shift A®

estimated by our algorithm expressed

_ A4nT > —> AT

AP N —V. S ——— (V511 + V,cos0)
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This Doppler phase shift A® is angle 8 dependent and is also impacted by the lateral tissue velocity V.
In our application, the blood flow induces a swelling of the brain which creates mainly a radial
displacement. Since the US probe is situated perpendicularly to the skull, then quasi perpendicularly to
the external brain surface, the V, tissue velocity component oriented along the x axis in (2) is weak and
we will neglect it in this work. Then, the Doppler phase shift expression can be simplified to

AP = % V.cos6 which allows us to determine the component V., of the brain tissue velocity along the
depth axis from

A1

V.= -
47T cos6

3
Z axis displacement u, is obtained from the cumulative summation of V in the temporal domain.

We obtained a 3D matrix of BTP: axial displacements u, (x, z, t) along the z axis, x axis and time t. We
analyzed the temporal evolution of BTP at each position of the 2D plane. As previously described, we
used two criteria to filter out artifacts and focus on physiological signals [11, 12, 20, 21]. The first criterion
consisted in the ratio of the second maximum peak over the central peak (SMP/CP) of the temporal
autocorrelation function of each kernel. If the ratio SMP/CP was higher than 0.6, the record was validated
and confronted to the second criterion. The cumulated standard deviation (CSTD) of the pulsations was
calculated to inform on the data dispersion and was normalized to the peak-to-peak amplitude (Umean)
of the mean temporal curve. If the ratio CSTD/Umean was lower than 0.25, the record was validated,
otherwise rejected. The thresholds for the 2 criterion were based on previous studies [11, 24].

From this final matrix, we calculated the root mean square of 2 curves, MaxBTP and MeanBTPR,
corresponding, respectively, to the curve with the maximum of the mean peak-to-peak amplitude
(averaged between cycles) and to the averaging of all curves in the matrix. MaxBTP and MeanBTP thus
correspond to the pulsatility of, respectively, the greater and the mean pulsatility in the whole region of
acquisition.

2.7 Statistical Analyses

After been visually checked using histogram, BTP measures were not considered normally distributed so
we performed non-parametric analyses to investigate differences in BTP among groups at baseline and

Day 1 (kruskal wallis’ tests) and longitudinal changes within groups (pre-, per- and post-treatment using

Friedman'’s tests).

We performed voxel-wise statistical analyses with statistical non-parametric mapping (SnPM12) [25].
This approach computes non-parametric p-values using permutation testing (10,000 permutations) while
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thresholding with a cluster-forming threshold of p = 0.001. We then controlled the family wise error rate
(FWE) at a=0.05. For the left and right subgenual (sgACC), pregenual (pgACC), and supracallosal
(scACC) connectivity maps we conducted several voxel-wise analyses. To test for differences from pre- to
post-treatment, we conducted a paired t-test between pre- and post-treatment connectivity in controls,
responders, and non-responders. To test for group differences at pre-treatment, we conducted a 1-way
ANOVA (comparing the three groups) with the pre-treatment connectivity. To test for group differences at
post-treatment, we conducted a 1-way ANOVA (comparing the three groups) with the post-treatment
connectivity. To test for interaction effects between time and group, we computed a difference map
between pre- and post-treatment connectivity and then conducted a 1-way ANOVA between groups on the
difference map. These analyses test for time, group, and group x time effects voxel-wise for each map.

3. Results
3.1 Efficacy of EMONO exposure

Nine (45%) depressed participants were considered responders, whereas eleven (55%) were considered
non-responders, based on a reduction of at least 50% at the MADRS on Day 7. There was no significant
difference in clinical and baseline depression characteristics among the groups (responders versus non-
responders and HC when applicable), as shown in Table 1. Symptoms of depression (and related
symptomatology) showed no significant difference at baseline, whereas all the symptomatic measures
(clinician- and self-rated) were significantly lower in responders compared to non-responders at Day 7,
except for SSI, which scores were low in the two groups. There was no difference among groups in
duration of exposure and quantity of N,O delivered (Table 1). The full psychometric assessments

performed at each of the 4 visits are shown in Supplementary Materials 1.

3.2 Tolerability of EMONO exposure

For 17 (57%) participants, gas exposure was considered well-tolerated with no particular side effect. The
two main side effects were vomiting (n = 7, 23%) and agitation (n = 6, 20%). One participant also
experienced deep sedation and desaturation that rapidly improved when we stopped the procedure and
administered 100% oxygen for few minutes. Finally, we observed no significant increase in manic,
dissociative or delusional symptoms (Supplementary Materials 1).

3.3 Functional connectivity

We found that significant decrease in right sgACC to precuneus connectivity in responders (x = 6, y=-64, z
=46, T ax=7.0, 127 voxels, see Fig. 1). We also found a time x group effect for right scACC to mid

cingulate connectivity (x=-6,y = 18, z = 30, F,;,5,=29.4, 208 voxels, see Fig. 1). We conducted post-hoc
tests for differences. Pairwise comparisons showed that sgACC-precuneus connectivity was significantly

lower after treatment only in responders ((8) = 6.520, p < 10~ 4). Supracallosal ACC-mid cingulate
connectivity was significantly greater at baseline in HC compared to responders (t(17) = 3.248, p = 0.005)
and non-responders (t(19) = 3.628, p = 0.002). Pairwise comparisons showed that dorsal ACC connectivity
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was significantly lower after treatment in HC (t(9) = 6.778, p < 10~ %) and significantly greater after
treatment in non-responders (t(9)=-3.289, p = 0.009).

3.4 Ultrasound Brain Tissue Pulsations

There was no significant difference among groups in Mean and MaxBTP at baseline (pre-treatment) or at
Day 1 (post-treatment) (Table 1). We found no significant change in Mean or Max BTP between baseline
and Day 1 in any of the three groups. MeanBTP values during exposure were all significantly greater
compared to baseline values in all the 3 groups (p < 0.05, for all pairwise comparisons between the
baseline value and the 5 per exposure values, in each of the 3 groups), suggesting a rapid and significant
increase in BTP with EMONO (Fig. 2). When comparing BTP values within the 10 first minutes of
exposure, we found a significant increase in MeanBTP in responders (x%, = 15.438, p = 0.004, with
pairwise differences between MeanBTP at 2 minutes and 6 minutes, p =0.001, 8 minutes, p = 0.004, and
10 minutes, p = 0.003) but not in non-responders (X%, = 5.534, p = 0.237) or HC (x%, =2.800, p = 0.592). We
observed no significant differences with MaxBTP.

4. Discussion

We found that a single one-hour exposure to EMONO can rapidly modify the functional connectivity in the
brain and significantly increase the amplitude of brain pulsations, notably in individuals with depression
who respond to the gas. More specifically, the antidepressant response was associated with a reduction
in the connectivity of the sgACC with the precuneus that has been considered a critical hub for depression
pathophysiology [26]. Elevated baseline levels of activity in sgACC are observed in depression and
normalization of this hyperactivity is thought to be an important biomarker of successful antidepressant
treatment [10]. Interestingly, reduction in the BOLD signal of the sgACC was found to be the most rapid
and sustained neuronal change associated with ketamine, another fast-acting glutamatergic
antidepressant [10]. More broadly, cerebral mechanisms associated with the antidepressant effect of
ketamine has been related to shutting off the affective network, for which the sgACC is a central hub.
More specifically, lowering the connectivity between the sgACC and the precuneus may participate to
block ruminations and improve the phenomenology of depression [27]. Finally, our results suggest that
EMONO, similar to ketamine, can rapidly reduce the connectivity between the sgACC and the precuneus,
which appears to be a key mechanism for the rapid antidepressant action.

Our results suggest a second cerebral mechanism that may participate to the antidepressant effect of
EMONO, as shown with the significant elevation of BTP during the first ten minutes of exposure. BTP can
be assessed with the ultrasound technique of TPI that has a high level of detection to measure micro-
movements and very subtle brain pulsations that may be related to changes in CBF in our study. Indeed,
N,O is well known to induce large arterial vasodilation and large increases in CBF [14], which is a major
determinant of BTP [28, 29]. While we observed a plateau in the BTP increase with EMONO in controls
and non-responders (after a very large immediate BTP elevation in all the participants), global brain
pulsations, as assessed with meanBTP, continued to increase in responders during the first ten minutes of
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exposure, an effect that may have participated to the antidepressant action of the gas, although we
cannot be sure that the increase in BTP was superior for these patients compared to the other groups. A
possible explanation is that a large increase in CBF facilitates optimal drug delivery to the brain, not only
because the quantity of active principles may be greater but also because the blood brain barrier shows
broad opening with a continuous rise in CBF [30, 31] which facilitates N,0 to cross from the arteries to
the specific neuronal targets, possibly glutamatergic neurons for the antidepressant effect. Finally,
elevation in BTP may participate to the antidepressant effect of N,O as well as provide a biomarker for
treatment response, such that the larger the increase the better response. However, this remains to be
confirmed in larger studies with larger sample size.

We found that the connectivity in the dorsal (or supracallosal) ACC with the middle cingulate, which was
greater at baseline in controls compared to the depressed groups, decreased in controls after EMONO
exposure whereas it increased in non-responders and showed no significant changes in responders.
Because there was no change in the connectivity of the dorsal ACC in responders, we can assume that
this effect is not related to the antidepressant effect of EMONO. Rather, it may be involved in the
analgesic effect of the gas since it is a well-documented therapeutic action of EMONO and because
dorsal ACC has been consistently associated with pain processing [32]. Moreover, Glutamate is the major
excitatory neurotransmitter in the ACC and it is not surprising that N,O compounds, as NMDA
antagonists, modulate the activity in the ACC, which was found to participate to relief of both acute and
chronic pain [33]. The opposite effect on dorsal ACC is not completely clear but it can be hypothesized
that reduction in dorsal ACC connectivity relates to a significant analgesic action in healthy controls
whereas non-responders may have felt the exposure as a negative or painful experience because they
were disappointed they had no clinical improvement and suffering relief. Finally, while reduction in sgACC
connectivity may be viewed as a marker of antidepressant response, elevation in dorsal ACC connectivity
may provide, on the contrary, a marker of unsuccessful antidepressant response with EMONO.

Regarding efficacy and safety of EMONO in our study, 45% of responders could be considered the
average level of antidepressant response observed in the literature with N,O. Although the literature on
N,O antidepressant efficacy is still scarce to date, response rate range from 20-42% after a single
exposure [3—5] and the relatively high rate of responders in our study may be accounted by the relatively
low level of resistance of our patients (participants with only one antidepressant failure could be
included) and because of the open labeled designed of the study. Tolerability was generally good,
although participants experienced relatively frequent vomiting. Nausea is the most frequent side effect
with N,O compound and can affect up to 20% of the participants in the antidepressant trial, whereas
vomiting is less frequent and can affect up to 10% of the participants. It must be noted that vomiting
happened mostly with the first participants and largely disappeared when we suggested to the
participants to not have eaten anything before EMONO exposure.

Limitations of our study include the small sample size which reduces the power of our statistics and
larger studies are needed to confirm our findings. The open-label design of the trial may also constitute a
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limitation since it is unknown whether changes in ACC connectivity may also occur in responders to
placebo. The use of EMONO can be considered a limitation in that we cannot disentangle the specific
effect of N,O over oxygen and we cannot strictly ruled out the possibility that enriched oxygen have
contributed to brain changes, especially because it has been found that repeated 02 can improve
symptoms of depression [34]. However, N,O is considered a glutamate antagonist, unlike 02, which is
highly concentrated in ACC and changes in the connectivity in this brain region may be more likely due to
N,O. In addition, N,O had more vasodilatation action compared to 02 and the very large elevation of BTP
is more likely due to N, 0.

5. Conclusion

Our findings provide cerebral mechanisms for the rapid antidepressant action of N,0O, which may be
considered partly similar to ketamine, with reduction in the sgACC-precuneus connectivity being
associated with antidepressant response, in addition to a potential implication of elevation in CBF that
may facilitate drug delivery to glutamatergic neurons. These findings are important to support the
therapeutic action of N,O compounds, which are only recently being considered antidepressants and may
be considered initial findings consistent with the literature of a novel class of glutamatergic fast-acting
antidepressant. In addition, our study provides potential markers of treatment response, namely the
connectivity of the ACC and elevation of brain pulsations, which could be used in future larger studies
and ultimately in clinical routine.
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Figure 1

Voxel-wise results and plots. Right sgACC-precuneus connectivity significantly declined in non-responders
but did not change in other groups. Right supracallosal ACC-mid cingulate connectivity showed group x
time interactions, where HC and non-responders showed decreased and increased, respectively,
connectivity while responders showed no change in connectivity from pre- to post-treatment. HC had
significantly greater connectivity than responders and non-responders pre-treatment, but there were no
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differences post-treatment between HC and responders while non-responders had significantly greater

connectivity post-treatment.
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Figure 2

Changes in MeanBTP (upper graph) and in MaxBTP (lower graph) between pre-exposure (baseline), per-
exposure and post-exposure (24H post N,0) among responders (blue, n=9), non-responders (red, n=11)
and healthy controls (green, n=10). MeanBTP significantly increased in all the groups between pre- and
per-exposure, whereas there were no significant changes between pre- and post-exposure in any group.
MeanBTP significantly increased per-exposure but only in responders and not in non-responders or
healthy controls. We observed no significant changes in MaxBTP.
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