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Abstract: Major Depressive Disorder (MDD), patticulatly its treatment-resistant form, represents a substantial burden on global
public health, characterized by low remission rates with conventional monoaminergic pharmacotherapy. The paradigm shift
toward glutamatergic modulation has identified the N-methyl-D-aspartate (NMDA) receptor as a critical target for rapid-acting
antidepressants. Nitrous oxide (N2O), an inhalational anesthetic utilized safely in medicine for nearly two centuries, has emerged
as a potent antagonist of the NMDA receptor with demonstrated efficacy in ameliorating depressive symptoms. Accumulating
evidence indicates that a single inhalation session can yield rapid antidepressant effects lasting significantly longer than the
pharmacokinetic elimination of the gas. While early investigations utilized psychotomimetic concentrations comparable to
anesthetic induction, recent dose-finding studies suggest that sub-anesthetic concentrations, specifically 25%, offer a favorable
therapeutic index by maintaining antidepressant efficacy while significantly minimizing adverse effects such as nausea and
dissociation. Beyond NMDA antagonism, the mechanism of action appears to involve complex interplay with the endogenous
opioid system, GABAergic disinhibition, and downstream neuroplasticity signaling pathways, including Brain-Derived
Neurotrophic Factor (BDNF) release. Current research prioritizes establishing optimal dosing protocols, mitigating risks
associated with vitamin B12 oxidation, and determining the feasibility of nitrous oxide as a scalable, office-based intervention.
The translation of this anesthetic agent into a psychiatric tool requires rigorous standardization of delivery methods and strict
vigilance regarding metabolic contraindications.

Keywords: Nitrous oxide; Treatment-resistant depression; NMDA receptor antagonist; Glutamate; Rapid-acting
antidepressants

1. Introduction

Treatment-Resistant Depression (TRD), generally defined as a failure to respond to at least two adequate trials of antidepressants
from different classes, affects approximately one-third of patients diagnosed with Major Depressive Disorder [1]. This refractory
condition is associated with significant functional impairment, economic burden, and elevated mortality rates. The temporal lag of
weeks to months required for conventional monoaminergic antidepressants (SSRIs, SNRIs) to exert therapeutic effects contributes
to prolonged morbidity and increased suicide risk [2]. Consequently, the identification of rapid-acting antidepressants (RAADs) has
become a priority in neuropsychiatric research.

The discovery of the rapid antidepressant properties of ketamine, a dissociative anesthetic and N-methyl-D-aspartate (NMDA)
receptor antagonist, validated the glutamatergic hypothesis of depression, shifting focus from monoamines to excitatory
neurotransmission [3]. However, the psychotomimetic side effects, potential for urotoxicity, and abuse liability associated with
ketamine necessitate strict monitoring and clinic-based restrictions (Risk Evaluation and Mitigation Strategies). This has prompted
the search for alternative NMDA antagonists with superior tolerability profiles and easier routes of administration. Nitrous oxide
(N20), commonly known as laughing gas, shares pharmacological similarities with ketamine but offers a distinct pharmacokinetic
profile. Unlike ketamine, N»O is a gas administered via inhalation, allowing for rapid onset and offset, which theoretically obviates
the need for prolonged post-treatment monitoring. Although historically confined to anesthesia and dentistry, recent pilot studies
and clinical trials have investigated the utility of N2O in TRD. These investigations aim to delineate the precise neurobiological
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mechanisms ranging from glutamatergic blockade to downstream neurotrophic signaling and to establish an optimal dose-response
relationship that maximizes efficacy while minimizing adverse events [4].
2. Pharmacodynamics and Neurobiological Mechanisms

2.1. NMDA Receptor Antagonism and The Disinhibition Hypothesis

The primary mechanism by which nitrous oxide exerts its antidepressant effect is hypothesized to be the non-competitive inhibition
of NMDA receptors. The NMDA receptor is an ionotropic glutamate receptor crucial for synaptic plasticity and memory function.
In the context of depression, excessive extrasynaptic glutamate activity is thought to lead to excitotoxicity and dendritic atrophy [5].

Table 1. Pharmacological and Mechanistic Comparison of Rapid-Acting NMDA Antagonists

Feature Nitrous Oxide (N20) Ketamine / Esketamine

Primary Target NMDA Receptor (Non-competitive antagonist) NMDA Receptor (Non-competitive antagonist)

Binding Site Putative binding within the ion channel pore; exact site | Phencyclidine (PCP) site within the ion channel
less defined than ketamine. pore.

Binding "Trapping" block characteristics are less pronounced; | "Trapping" block; requires channel to be open to

Mechanism rapid dissociation. bind and unbind.

Half-life (t1/2) ~5 minutes (rapid pulmonary elimination). ~2.5 to 3 hours (hepatic metabolism via CYP450).

Opioid Direct stimulation of endogenous opioid release | Minimal direct opioid receptor interaction; some

Interaction (enkephalins/dynorphins) in periaqueductal gray. debate on  downstream  opioid = system

involvement.
Downstream mTOR activation, BDNF upregulation, ERK1/2 | mTOR  activation, BDNF  upregulation,
Signaling pathway stimulation. eukaryotic elongation factor 2 (eEF2) inhibition.

By blocking these receptors, particularly the GIuN1 and GluN2 subunits, N2O reduces excitatory transmission. Current models
propose a "disinhibition hypothesis," suggesting that NMDA antagonists preferentially block receptors on GABAergic interneurons.
This blockade reduces the inhibitory tone on excitatory pyramidal neurons, paradoxically leading to a surge in glutamate release in
the medial prefrontal cortex (mPFC). This glutamate surge subsequently activates o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors, increasing the AMPA-to-NMDA throughput ratio. This shift is believed to trigger rapid
synaptic potentiation, a mechanism shared with ketamine [6].

Nitrous Oxide
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Figure 1. Mechanism of Action of N>O - The Disinhibition Hypothesis

However, distinct differences exist in the binding kinetics. While ketamine acts as an open-channel blocker requiring channel
activation to bind ("trapping” block), the specific binding dynamics of N>O within the pore remain less structurally defined but
result in a similar functional outcome: the rapid restoration of synaptic connectivity in mood-regulating circuits [7].
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2.2. Downstream Neuroplasticity and Signaling Cascades

The immediate receptor-level events initiate a cascade of intracellular signaling pathways vital for neuronal health. NMDA
antagonism by N>O leads to the phosphorylation of the mammalian target of rapamycin (mTOR) and the subsequent upregulation
of Brain-Derived Neurotrophic Factor (BDNF) in the hippocampus and prefrontal cortex [8]. BDNF is a critical protein for
neurogenesis and the maintenance of dendritic spines.

Depressed states are consistently associated with reduced BDNF levels and hippocampal volume loss. The administration of N>O
appears to rapidly reverse these deficits, promoting structural plasticity within 24 hours of administration. Studies in rodent models
have shown that N2O exposure stimulates the ERK1/2 signaling pathway, which is essential for the transcription of immediate-
eatly genes involved in synaptic remodeling [9]. This neurotrophic tresponse distinguishes RAADs from conventional
antidepressants, which may take weeks to induce similar genomic and structural changes.

2.3. The Opioidergic Component

Distinct from ketamine, nitrous oxide possesses intrinsic analgesic properties mediated partially through the endogenous opioid
system. It stimulates the release of enkephalins and dynorphins in the periaqueductal gray matter, which then act on descending
inhibitory pain pathways [10]. This opioidergic activity prompted investigations into whether the antidepressant effects of N2O are
sensitive to opioid blockade.

Preliminary data suggests that naltrexone, an opioid receptor antagonist, may attenuate some of the acute psychotropic effects of
N>O, implying that the endogenous opioid system contributes to the initial mood elevation. However, the sustained antidepressant
effect observed days after treatment likely remains glutamate-dependent. This dual mechanism opioid modulation for acute relief
and glutamatergic modulation for sustained plasticity may offer a unique therapeutic advantage over pure NMDA antagonists [11].

3. Clinical Efficacy in Treatment-Resistant Depression

3.1. Proof-of-Concept and Initial Findings

The first randomized, double-blind, crossover trial investigating inhaled nitrous oxide for TRD utilized a concentration of 50%
N20 mixed with 50% oxygen. This pivotal study demonstrated a significant reduction in the Hamilton Depression Rating Scale
(HDRS-21) scores compared to placebo, with response rates approaching 20% within two hours and sustained improvement
observed over 24 hours [12].

Patients in this cohort had failed an average of 4.5 antidepressant trials, highlighting the robustness of the response in a refractory
population. The rapidity of symptom relief was notable, with some subjects reporting improvements during the inhalation session
itself. Unlike placebo responders who often relapse quickly, the N2O group demonstrated a separation from placebo that persisted,
suggesting a biological drug effect rather than a psychological expectation effect [13].

Table 2. Summary of Pivotal Clinical Trials of Nitrous Oxide in Treatment-Resistant Depression

Study Study Design Sample Intervention Protocol | Findings

Author Size (N)

(Year)

Nagele et | Double-blind, 20 Single session: 50% N>O | Significant reduction in HDRS-21 scores at 2 hrs

al.  (2015) | randomized, / 50% Oz vs. Placebo | and 24 hrs post-treatment. Response rate ~20%.

[12] crossover, placebo- (O2 + Npy) for 1 hour. Evaluation of sustained effect limited to short-

controlled term.

Nagele et | Phase 2, double- | 24 Single session: 25% N>O | Both 25% and 50% doses showed comparable

al. (2021) | blind, randomized, vs. 50% N0 vs. Placebo | antidepressant efficacy. The 25% dose had

[14] parallel-group for 1 hour. markedly fewer adverse events (AEs) than the
50% dose (AE rate: 25% dose = placebo levels).

Gu et al. | Open-label pilot | 30 Repeated sessions: 50% | Repeated administration was feasible and

(2022) study N2O twice weekly for 2 | tolerated. Cumulative antidepressant effects

weeks. observed, suggesting utility of maintenance

therapy.
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3.2. Dose-Response Optimization: The 25% vs. 50% Debate

Following the initial success of 50% concentrations, concerns regarding adverse effects specifically nausea, vomiting, and
psychotomimetic experiences prompted researchers to evaluate lower dosages. A subsequent large-scale trial compared the efficacy
of 25% N>O versus 50% N2O and placebo. The results provided a critical turning point in the clinical application of the gas: the
25% concentration demonstrated antidepressant efficacy statistically comparable to the 50% dose but with a four-fold reduction in
adverse events [14].

This finding suggests a ceiling effect for antidepressant efficacy at sub-anesthetic doses, where higher concentrations increase toxicity
without enhancing therapeutic gain. The 25% protocol is particularly advantageous for outpatient settings, as it minimizes sedation
and the need for antiemetic prophylaxis. Furthermore, the lower concentration significantly reduces the likelihood of dissociative
side effects, making the treatment more acceptable to patients who may find the "trip" of ketamine or high-dose NO distressing
[15].

Table 3. Risk-Benefit Profile of Different Nitrous Oxide Concentrations

Clinical Parameter 25% Concentration (Sub-anesthetic) 50% Concentration (Sedative/Analgesic)

Antidepressant Efficacy | High (Non-inferior to 50%) High

Sedation Level Minimal ~ (Conscious  sedation,  fully | Moderate (May cause drowsiness, cognitive
responsive) slowing)

Nausea/Vomiting Rate Low (< 5%) Moderate to High (> 20%)

Psychotomimetic Rare / Mild Common (Dissociation, hallucinations, euphoria)

Effects

Recovery Time Rapid (~15 minutes) Moderate (~30—45 minutes)

Suitability for Outpatient | Excellent Good (Requires longer monitoring)

3.3. Durability of Effect and Maintenance Strategies

A major challenge with RAADs is the transience of the therapeutic response. While a single infusion or inhalation provides relief
for days to a week, relapse is common without maintenance treatment. Studies indicate that the antidepressant effects of a single
N2O session can petsist for up to one week, necessitating repeated administration protocols for sustained remission [16].

Sequential administration strategies are currently under investigation to determine if cumulative neuroplasticity can lead to longer
inter-treatment intervals. Some pilot data suggests that a course of treatments (e.g., twice weekly for 4 weeks) may extend the
duration of remission, similar to induction protocols used in Electroconvulsive Therapy (ECT) or Transcranial Magnetic Stimulation

(TMS) [17].

4. Safety Profile and Metabolic Considerations

4.1. Acute Adverse Effects

In the context of supervised medical administration, nitrous oxide is generally safe. However, the adverse event profile is dose-
dependent. At 50% concentration, rates of nausea and vomiting can be substantial, leading to treatment discontinuation in a subset
of patients [18]. Psychotomimetic side effects, including dissociation, hallucinations, and paranoid ideation, are also observed but
are typically short-lived, resolving within minutes of gas cessation due to the rapid pulmonary elimination of N>O [19].

This rapid offset serves as a significant logistical advantage over ketamine, which requires extended post-administration monitoring.
Patients treated with 25% N>O typically reach full recovery of psychomotor function within 15 to 30 minutes post-inhalation,
potentially allowing for discharge without the stringent driving restrictions often applied to ketamine patients.

4.2. Vitamin B12 and Homocysteine Metabolism

The most significant safety concern regarding repeated nitrous oxide exposure is its interaction with Vitamin B12 (cobalamin). N>O
irreversibly oxidizes the cobalt ion in cobalamin from the +1 to the +3 valency state, rendering the enzyme methionine synthase
inactive [20].
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This enzyme is essential for the conversion of homocysteine to methionine and the subsequent synthesis of DNA and myelin. Acute
inactivation is usually compensated for by hepatic stores of B12; however, in patients with borderline B12 deficiency, nutritional
deficits, or genetic polymorphisms (such as MTHFR mutations), frequent chronic dosing can lead to hyperhomocysteinemia.
Clinical consequences include megaloblastic anemia and subacute combined degeneration of the spinal cord [21]. Therefore,
mandatory screening for B12 deficiency, folate levels, and potential supplementation is a requisite safety protocol for any longitudinal
N2O treatment program. Monitoring homocysteine and methylmalonic acid levels provides a more sensitive marker of functional
B12 status than serum B12 levels alone [22].

DIZES (Co+ = Co+{Vlethionine Synthase

(vitamin B12 Dependent)

INACTIVATION

Homocysteine ><

 ACCUMULATES ¥ DEPLETED

Impaired DNA Synthesis
Demyelination

Figure 2. Mechanism of B12 Inactivation

Table 4. Guidelines for Monitoring and Mitigating Metabolic Risks

Component Rationale Recommended Frequency

Baseline Screening Identify pre-existing deficiency to prevent rapid | Prior to initiation of treatment.

neurological deterioration.

Serum Vitamin B12 Direct measure of cobalamin stores. Note: Levels | Baseline and every 3 months during

can be falsely normal; functional markers are | maintenance.
superiof.

Homocysteine Functional marker; accumulates when B12 is | Baseline and every 1-2 months during active

inactivated. High levels indicate metabolic stress. treatment.

Methylmalonic ~ Acid | Highly specific functional matker for B12 | If Homocysteine is elevated or B12 is

(MMA) deficiency. borderline.

B12 Supplementation | Prophylactic replacement to counteract oxidation. Oral or intramuscular  supplementation
recommended for chronic users or at-risk
patients.

Contraindications MTHFR mutations, severe anemia, existing | Strict exclusion criteria.

neuropathy.

5. Comparative Analysis and Implementation Challenges

5.1. Nitrous Oxide vs. Ketamine and ECT

While Electroconvulsive Therapy (ECT) remains the gold standard for efficacy in TRD, its invasive nature, requirement for general
anesthesia, and cognitive side effects limit its use. Nitrous oxide occupies a niche similar to ketamine but with distinct logistical
advantages. Unlike intravenous (IV) ketamine, which requires vascular access and infusion pumps, N»O is non-invasive.

Compared to intranasal esketamine, N2O has a faster washout period. Ketamine treatment typically requires a 2-hour observation
petiod due to dissociative effects and blood pressure fluctuations. In contrast, the rapid elimination of N2O could allow for "chair
time" of less than one hour, significantly increasing clinic throughput and reducing patient burden [23]. However, ketamine currently
has a more robust evidence base regarding long-term maintenance and anti-suicidal effects compared to the nascent data on N>O.
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5.2. Batrriers to Clinical Implementation

Despite the promising data, several batriers impede the widespread adoption of N>O for depression. The "laughing gas" stigma
associated with recreational abuse may trivialize the treatment in the eyes of patients or regulatory bodies. Furthermore, chronic
exposure to waste anesthetic gas presents an occupational health hazard for healthcare providers, necessitating facilities equipped
with proper scavenging systems and ventilation, which may not be standard in outpatient psychiatric clinics [24].

Table 5. Operational Comparison of Interventional Psychiatries

Feature Nitrous Oxide | IV Ketamine Intranasal ECT
(IN20) Esketamine
Route of Admin | Inhalation (Mask) Intravenous (Infusion) | Intranasal (Spray) Electrical Stimulation
Invasiveness Non-invasive Invasive (IV access) Non-invasive Minimally Invasive (General
Anesthesia)
Onset of Action | Minutes to Hours Hours Hours Days (requires multiple sessions)
Duration of | ~60 minutes | ~120 minutes (40m | ~120 minutes | ~60  minutes  (Pre-op  +
Session (Treatment + | Infusion + Monitoring) | (Monitoring Procedure + Recovery)
Recovery) mandatory)
Cognitive  Side | Minimal post- | Dissociation, transient | Dissociation, Memory loss
Effects recovery cognitive fog dizziness (retrograde/anterograde)
Cost / | Low (Gas + Mask) High (IV pump, nursing | High (Drug cost) Very High (Anesthesiologist, OR
Resource Use staff) suite)

There is also the challenge of preventing misuse. While the medical setting controls administration, the potential for patients to seek
recreational soutces for "self-medication" must be addressed through psychoeducation. Finally, reimbursement models for
inhalational psychiatric treatments are currently undefined, posing an economic hurdle for private practice implementation [25].

6. Conclusion

Nitrous oxide represents a promising evolution in the pharmacotherapy of Treatment-Resistant Depression, offering a rapid-acting
mechanism distinct from the monoaminergic hypothesis. The convergence of clinical data suggests that lower concentrations,
specifically 25%, provide an optimal balance between antidepressant efficacy and tolerability, circumventing the adverse effects that
limit the utility of higher anesthetic doses. While the precise interplay between NMDA antagonism, opioid release, and neurotrophic
signaling requires further elucidation, the ability of N2O to induce rapid remission in refractory cases is clinically significant. The
inherent risks associated with cobalamin oxidation necessitate rigorous patient selection and monitoring protocols. As research
progresses toward standardized maintenance regimens, nitrous oxide holds the potential to become a widely accessible, scalable
intervention for acute depressive crises, bridging the gap between conventional medication and more invasive procedural therapies.
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