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A B S T R A C T  

Introduction : De pres sive symp toms pre dom i nate in the course of bipo lar dis or der (BD) and there is an ur gent 
need to eval u ate novel ap pli ca tion of re pur posed com pounds that act on pre - specified treat ment tar gets. Sev - 
eral lines of rea son ing sug gest that ni trous ox ide (N 2 O) is an ideal med ica tion to study as a po ten tial treat ment 
and as a strat egy to iden tify the un der ly ing patho phys i ol ogy of bipo lar de pres sion. N 2 O is a po tent cere bral va - 
sodila tor and there is com pelling ev i dence of re duced frontal cere bral blood flow (CBF; i.e. hy pop er fu sion) in 
de pres sion. There fore, N 2 O may in crease CBF and thereby im prove symp toms of de pres sion. The goal of this 
ran dom ized, dou ble - blind trial is to study the ef fect of a sin gle ad min is tra tion of N 2 O ver sus the ac tive com - 
para tor mi da zo lam on mood and CBF in adults with treat ment - resistant bipo lar de pres sion. 
Methods : Par tic i pants with BD - I/ - II cur rently ex pe ri enc ing a ma jor de pres sive episode will be ran dom ized to 
one of two con di tions (n  =  20/ group): 1) in haled N 2 O plus in tra venous saline, or 2) in haled room air plus in - 
tra venous mi da zo lam. Mont gomery - Asberg De pres sion Rat ing Scale scores will serve as the pri mary end point. 
CBF will be mea sured via ar te r ial spin la belling mag netic res o nance imag ing. 
Conclusions : N 2 O is a po ten tial novel treat ment for bipo lar de pres sion, as it causes cere bral va sodi la tion. This 
proof - of - concept study will pro vide valu able in for ma tion re gard ing the acute im pact of N 2 O on mood and on 
CBF. If N 2 O proves to be ef fi ca cious in fu ture larger - scale tri als, its ubiq uity, safety, low cost, and ease of use 
sug gest that it has great po ten tial to be come a game - changing acute treat ment for bipo lar de pres sion. 

1 . Introduction 

Re duc ing the bur den of bipo lar de pres sion has been de scribed as 
one of the great est chal lenges in mod ern psy chi a try [ 1 ]. Bipo lar de - 
pres sion is as so ci ated with high rates of sui cide, pro longed episodes, 
fre quent re cur rences, and pro nounced func tional im pair ment [ 1 – 4 ]. 
Adults with bipo lar dis or der (BD) - I and BD - II spend 30 – 50% of their 
lives with de pres sion, com pared to 1 – 10% of their lives with ma nia/ 
hy po ma nia [ 5 ]. Al though guide lines sug gest many dif fer ent po ten tial 

ap proaches [ 6 ], few ef fi ca cious treat ments ex ist for bipo lar de pres sion 
[ 2 , 3 , 7 – 10 ], re sult ing in an ur gent need to eval u ate re pur posed ex ist - 
ing com pounds with rapid - acting novel mech a nisms of ac tion that en - 
gage pre - specified treat ment tar gets [ 11 , 12 ]. 

Sev eral lines of rea son ing sug gest that it is im por tant to study ni - 
trous ox ide (N 2 O), both to un der stand the patho phys i ol ogy of bipo lar 
de pres sion and as a po ten tial treat ment. An in haled anes thetic drug, 
N 2 O has a rapid on set of ac tion and short half - life. Thus, it can be 
stud ied as a bi o logic probe within a sin gle neu roimag ing ses sion. The 
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ef fects of N 2 O on con scious ness and cog ni tion has been pre vi ous stud - 
ied us ing neu roimag ing [ 13 , 14 ]; how ever, this ap proach has not been 
ap plied to study bipo lar de pres sion. Fur ther, N 2 O is rel a tively safe and 
well - tolerated and re mains widely used for con scious se da tion, anal - 
ge sia, and as an ad junc tive anes thetic [ 15 ]. 

The goal of this study is to ex am ine the ef fect of a sin gle treat ment 
with N 2 O or mi da zo lam on de pres sive symp toms and cere bral blood 
flow (CBF), along with other po ten tial bio mark ers of treat ment re - 
sponse, in adults with treat ment - resistant bipo lar de pres sion. Specif i - 
cally, the acute ef fect of N 2 O ver sus the ac tive com para tor mi da zo lam 
on de pres sion symp toms (via the Mont gomery - Asberg De pres sion Rat - 
ing Scale [MADRS]) [ 16 ] will be mea sured 24 - h post - treatment. In ad - 
di tion, CBF (via ar te r ial spin la belling [ASL] MRI) will be mea sured 
dur ing the ad min is tra tion of N 2 O. We hy poth e size that N 2 O will sig - 
nif i cantly re duce de pres sion symp toms ver sus mi da zo lam, and that 
N 2 O will sig nif i cantly in crease frontal CBF ver sus mi da zo lam. The 
choice of mi da zo lam as a com para tor was dri ven by a num ber of fac - 
tors: 1) sim i lar to N 2 O, it is fast - acting, has a short elim i na tion half 
life [ 17 ], and yields no tice able psy choac tive ef fects and thus, op ti miz - 
ing the in tegrity of the dou ble - blind de sign [ 18 ]; 2) it does not in hibit 
N - methyl - d - aspartate (NMDA) re cep tors and has no va sodila tory 
prop er ties and thus is mech a nis ti cally dis tinct from N 2 O [ 19 ]; and 3) 
prece dent ex ists as a ke t a mine com para tor [ 20 , 21 ]. 

Our sec ond ob jec tive is to iden tify po ten tial bio mark ers that pre - 
dict ef fects of N 2 O on de pres sion symp toms. We ex pect greater in - 
creases in frontal CBF fol low ing N 2 O treat ment com pared to fol low ing 
mi da zo lam treat ment. In ad di tion, we hy poth e size poorer pe riph eral 
en dothe lial func tion, a pos si ble bio marker of re sponse as de ter mined 
via re ac tive hy per emia pe riph eral ar te r ial tonom e try (RH - PAT) in dex 
(RHI), is as so ci ated with greater im prove ment in de pres sion symp - 
toms fol low ing N 2 O. Lastly, we will ex am ine for an as so ci a tion be - 
tween geno type and neu ro phys i ol ogy and treat ment re sponse. This 
study will al low us to gen er ate data to in form fu ture stud ies tar get ing 
per son al ized med i cine. 

2 . Methods 

2. 1 . Participant eligibility 

In formed writ ten con sent will be ob tained from all par tic i pants. 
The study pro to col is ap proved by the lo cal re search ethics com mit tee 
at Sun ny brook Health Sci ences Cen tre and is reg is tered with Health 
Canada and on ClinicalTrials. gov (NC T02351869). 

Adults aged 20 – 60 years old with bipo lar de pres sion will be re - 
cruited from Sun ny brook Health Sci ences Cen tre and the com mu nity 
via ad ver tise ments. El i gi ble par tic i pants must have a di ag no sis of BD - I 
or BD - II and cur rently ex pe ri enc ing a ma jor de pres sive episode of 
min i mum four weeks du ra tion, based on the Struc tured Clin i cal In ter - 
view for Axis I DSM - IV Dis or ders - Patient ver sion (SCID) [ 22 ], with a 
MADRS 10 score of ≥22. Par tic i pants must be treated with at least 
one anti - manic mood sta bi liz ing med ica tion/ s (i.e. anti - manic an ti - 
con vul sant, an tipsy chotic, and/ or lithium). Ex clu sion cri te ria in clude 
any new treat ments (in clud ing med ica tions, elec tro con vul sive ther - 
apy, or other bi o log i cal/ phys i cal in ter ven tions) or dos ing changes in 
the two weeks prior to the study; cur rent sig nif i cant manic symp toms 
(Young Ma nia Rat ing Score (YMRS) [ 23 ] score ≥12); cur rent sig nif i - 
cant sui ci dal ity (MADRS item 10 score of ≥4); cur rent psy chosis; sub - 
stance abuse within the pre ced ing three months; ac tive ma jor med ical 
con di tions in clud ing he patic, re nal, res pi ra tory, or car dio/ cere brovas - 
cu lar dis ease, di a betes, esophageal re flux, sleep ap nea or B 12 de fi - 
ciency/ dis or ders (due to the pos si bil ity of de myeli na tion [ 24 ]); any 
MRI con traindi ca tion; his tory of ad verse anes thetic re ac tions; anes the - 
sia Amer i can So ci ety of Anes the si ol o gists (ASA) class ≥3; and scuba 
div ing in the pre ced ing week [ 25 ]). Fe male par tic i pants must not be 

preg nant or breast feed ing and must be us ing a re li able con tra cep tion 
method. 

2. 2 . Study design 

Par tic i pants will be ran domly as signed to a sin gle ad min is tra tion 
of ei ther N 2 O or a com para tor mi da zo lam (n  =  20 per group). Par tic i - 
pants at tend three in - person study vis its; four fol low up in ter views 
(via phone) and self - reports are sched uled for com ple tion 7 days fol - 
low ing the last study visit. 

Visit 1 in cludes screen ing to en sure el i gi bil ity cri te ria are met. 
Clin i cal in ter views will be com pleted to con firm the di ag no sis of BD 
and de pres sion cri te ria. Study psy chi a trists as sess par tic i pants to con - 
firm all in clu sion and ex clu sion cri te ria. 

Visit 2 in cludes ob tain ing a blood sam ple, ECG, and eval u a tion of 
height, weight and blood pres sure. RHI will be mea sured via pe riph - 
eral ar te r ial tonom e try (us ing En doPAT, Ita mar Med ical, Is rael). Par - 
tic i pants will be fit ted with a face mask and un dergo a MRI prac tice 
ses sion dur ing which they are po si tioned supine in the MRI scan ner 
with the face mask in place. This al lows par tic i pants to be ac cli mated 
to the MRI fa cil ity to en sure they are com fort able in the scan ner and 
fa mil iar with the en vi ron ment. 

Visit 3 will oc cur af ter par tic i pan t's ECG and blood work have been 
re viewed by a study anes the si ol o gist and a study psy chi a trist. Study 
visit 3 be gins with psy chi atric in ter views and self - reported mea sures 
of psy chi atric symp toms and side - effects. Par tic i pants must re frain 
from us ing al co hol, ben zo di azepines or il licit drugs for at least 24  h 
prior to study visit and must be fast ing for at least 8  h prior to drug 
ad min is tra tion (due to con cerns about the po ten tial for vom it ing/ as pi - 
ra tion with anes thetic agents). In ad di tion, blood pres sure and heart 
rate will be mea sured be fore, dur ing and af ter treat ment. Fol low up 
in ter views and self - reports will be com pleted at 1, 2, 3, and 7 days 
post treat ment. 

2. 3 . Compensation 

Par tic i pants will be com pen sated for their par tic i pa tion in each of 
the study vis its and for com plet ing the post - treatment in ter views and 
self - reports. 

2. 4 . Measures 

Di ag noses will be de ter mined with the SCID - Axis I for DSM - IV 
[ 22 ]. Mood symp tom sever ity will be de ter mined with the MADRS 
10 16 , Hamil ton De pres sion Rat ing Scale (HRSD; 17 - items) [ 26 ], Beck 
De pres sion In ven tory (BDI) [ 27 ], YMRS [ 23 ], Brief Psy chi atric Rat ing 
Scale (BPRS) [ 28 ], Clin i cian Ad min is tered Dis so cia tive States Scale 
(CADSS) [ 29 ], Hamil ton Anx i ety Rat ing Scale (HAM - A) [ 30 ], Vi sual 
Ana log Scale (VAS) [ 31 ], and mod i fied Pa tient Rated In ven tory of 
Side Ef fects (PRISE) [ 32 ]. Weight will be mea sured on a TANITA 
scale, and height will be mea sured us ing a sep a rate sta diome ter, with 
par tic i pants in bare or stock ing feet and light cloth ing. Body mass in - 
dex (BMI) per centiles for age and sex will be de ter mined us ing the 
Cen ter for Dis ease Con trol norms. Obe sity is de fined as BMI≥95th per - 
centile. 

2. 5 . Study intervention 

Par tic i pants will be ran dom ized to one of two treat ment con di - 
tions: 1) in haled N 2 O plus in tra venous saline in jec tion, or 2) in haled 
med ical air plus in tra venous mi da zo lam in jec tion. An anes the si ol o gist 
will over see pre - anesthetic as sess ment, drug ad min is tra tion, mon i tor - 
ing (vi tals, pulse oxime try) and post - treatment re cov ery. All par tic i - 
pants wear a face mask con nected to a non - rebreathing cir cuit in clud - 
ing a 2 - L reser voir. All par tic i pants un dergo ve nous can nu la tion 

http://clinicaltrials.gov/
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which will re main in situ for the du ra tion of the neu roimag ing pro ce - 
dures. A team of seven is re quired on the day of treat ment ad min is tra - 
tion, in clud ing: study psy chi a trist, study anes the si ol o gist, two anes - 
the sia as sis tants, two clin i cal re search staff, and an MR imag ing tech - 
nol o gist. 

2. 5. 1 . Dosing 
The con cen tra tion of 25% N 2 O in oxy gen and the du ra tion of 

20  min of ad min is tra tion of N 2 O were se lected based on the ex ist ing 
lit er a ture, which sug gests that in hala tion of 25% con cen tra tion of N 2 O 
pro vides an op ti mized bal ance be tween the de sired changes in mood 
and phys i o log i cal ef fects ver sus ad verse ef fects ob served at higher 
doses [ 33 ]. Nau sea and vom it ing is a com mon ad verse event as so ci - 
ated with N 2 O ad min is tra tion and was re ported in 15% of MDD pa - 
tients ad min is tered at 50% con cen tra tion of N 2 O [ 25 , 33 ]. One study 
with healthy males as sess ing func tional EEG changes with dif fer ent 
doses of N 2 O and found 60% con cen tra tion of N 2 O con di tion re sulted 
in nau sea and eme sis com pared to 20% and 40% N 2 O [ 34 ]. Mi da zo - 
lam 2  mg to tal dose is ex pected to yield sub jec tive psy choac tive ef - 
fects that will op ti mize blind ing. In three tri als com par ing ke t a mine to 
mi da zo lam as an ac tive placebo a mi da zo lam dose of 0.045  mg/ kg 
was used [ 21 , 35 , 36 ]. One study as sess ing ke t a mine ver sus mi da zo lam 
in BD used a lower dose of 0.02  mg/ kg mi da zo lam [ 37 ]. Com pared to 
ke t a mine tri als us ing mi da zo lam as an ac tive com para tor [ 21 , 37 – 39 ], 
we chose a lower dose of mi da zo lam in or der to min i mize risks in an 
MR suite. 

2. 5. 2 . Administration 
For par tic i pants in the N 2 O treat ment arm, the anes the si ol o gists 

will de liver an ini tial dose of N 2 O 10% in oxy gen for 5  min, fol lowed 
by a 5  min wash - out pe riod, fol lowed by N 2 O 25% in oxy gen for 
20  min, fol lowed by med ical air for 3  min to flush any resid ual N 2 O. 
N 2 O par tic i pants will also re ceive in tra venous in jec tion of 0.5  ml 
saline con comi tantly with 10% N 2 O, and in tra venous in jec tion of 
1.5  ml saline with 25% N 2 O. Par tic i pants in the mi da zo lam treat ment 
arm will re ceive an in tra venous in jec tion of 0.5  mg mi da zo lam (con - 
cur rent with the first gas ad min is tra tion epoch), fol lowed by an in tra - 
venous in jec tion of 1.5  mg mi da zo lam (con cur rent with the sec ond 
gas ad min is tra tion epoch), fol lowed by med ical air. Treat ments will 
be given in two epochs, with a smaller test dose ad min is tered first as 
a safety pre cau tion within the MR en vi ron ment. 

2. 5. 3 . Safety 
The study will be mon i tored by a Data Safety and Mon i tor ing 

Board that holds semi - annual meet ings to re view all ad verse events 
and of fer study over sight. Al though N 2 O is safe for the vast ma jor ity 
of peo ple, pro longed or fre quent use may lead to im muno sup pres sion 
and/ or macro cy to sis or neu ropa thy (via B 12 de ac ti va tion) [ 40 , 41 ]. 
Neu ro log i cal tox i c ity has oc curred af ter sin gle ex po sures in pa tients 
with un di ag nosed B 12 de fi ciency [ 24 ]. Side ef fects at the pro posed 
dose in clude mild ela tion, dizzi ness, im paired con cen tra tion, and tin - 
gling [ 42 ]. Ad di tional de tails can be found in the med ical gas 
datasheet [ 25 ]. Com mon side ef fects of mi da zo lam in adults with 
unipo lar ma jor de pres sive episodes in clude nau sea, dizzi ness, blurred 
vi sion, and im paired con cen tra tion, al though rarely to the point of 
dis tress [ 38 ]. N 2 O and mi da zo lam, par tic u larly when used in con junc - 
tion with psy chi atric med ica tions, may po ten tially re sult in un pre - 
dictable psy chi atric (e.g. ma nia, psy chosis) and/ or phys i cal side - 
effects [ 43 , 44 ]. For this rea son, study par tic i pants will be mon i tored 
on site for a min i mum of 2  h fol low ing treat ment, and med ical clear - 
ance from both anes the si ol ogy and psy chi a try will be re quired prior 
to par tic i pants leav ing the fa cil ity. 

2. 6 . Blinding 

The anes the si ol o gist, anes the sia as sis tants, phar ma cist, and the 
study mon i tor will be aware of treat ment con di tion; all other study 
staff will re main blinded to treat ment con di tion. Study vis its and all 
pro ce dures are iden ti cal for both treat ment arms. Upon bring ing the 
study par tic i pant to the MRI suite, the clin i cal raters and study psy chi - 
a trist will be sta tioned out side of the MRI suite for the du ra tion of the 
scan. Sealed ran dom iza tion en velopes con tain ing the treat ment as - 
sign ment will be given to the anes the si ol o gists on the day of the exam 
and source doc u ments con tain ing gas lev els are kept in a sealed en ve - 
lope. To mea sure the in tegrity of the blind, clin i cal raters and par tic i - 
pants will com plete ques tion naires guess ing which treat ment the par - 
tic i pant re ceived fol low ing the 60 - min post - treatment in ter view. 

2. 6. 1 . Potential biomarkers and role of genetics 
B 12 and ni tric ox ide (NO) lev els will be ex am ined as pre dic tors of 

re sponse ow ing to known as so ci a tions with the mech a nism of ac tion 
of N 2 O [ 45 – 49 ]. B 12 will be ex am ined in screen ing clin i cal blood 
work. Serum NO will be an a lyzed off - site us ing the Griess re ac tion (a 
two - step an a lyt i cal chem i cal test to de ter mine the amount of ni trite 
ion in a so lu tion) [ 50 , 51 ]. We will ex am ine ge netic mark ers that are 
rel e vant to BD, vas cu lar func tion, and/ or NMDA. Ex am ples in clude, 
but are not lim ited to, the al pha 1C sub unit of the L - type volt age - 
gated cal cium chan nel ( CAC NA1C ), Vas cu lar En dothe lial Growth Fac - 
tor ( VEGF ), brain - derived neu rotrophic fac tor ( BDNF ), Neu ro genic lo - 
cus notch ho molog pro tein 4 ( NOTCH4 ), and ni tric ox ide syn thase, 
vari able num ber of tan dem re peats ( NOS – I VNTR ). Ex ploratory analy - 
ses fo cus ing on these bio mark ers will yield pre lim i nary data to in form 
the se lec tion of mod er a tors in fu ture stud ies. 

2. 6. 2 . Magnetic resonance imaging 
MRI scans will take place on a 3  T MRI sys tem. MRI pro to col con - 

sists of lo cal izer scans to plan sub se quent im ages, an anatom i cal struc - 
tural im age of the brain, a time - of - flight an giog ra phy im age of brain 
ar ter ies, rest ing state net works and per fu sion im ages. Stan dard T1 - 
weighted ac qui si tion will quan tify brain gray and white mat ter and 
co - register par tic i pants to a stan dard space ref er ence brain. Pseudo - 
continuous ASL (PC - ASL) imag ing are used to ob tain CBF lev els in ab - 
solute units of mL/ 100  g of tis sue/ min on a voxel - by - voxel ba sis, with 
spa tial res o lu tion of ap prox i mately 3  ×  3  ×  5  mm. Ap prox i mately 
90  min of scan ner time are needed to al low for par tic i pant prepa ra - 
tion and the fol low ing in - scanner sched ule: 1) time of flight an giog ra - 
phy; 2) ve nous oxy gena tion (T0: zero de notes base line); 3) carotid 
and ver te bral ar ter ies phase con trast an giog ra phy flow ve loc ity; 4) 
base line (T0) ASL; 5) rest ing state func tional MRI (T0); 6) in hala tion 
of 10% N 2 O or med ical air to reach 95% con cen tra tion in brain [ 52 ]; 
7) post - inhalation (T1) ASL; 8) 25% N 2 O or med ical air; 9) rest ing - 
state func tional MRI (T1); 10) post - inhalation (T2) ASL; 11) struc tural 
scan; 12) ve nous oxy gena tion (T1); 13) end - of - study (T3) ASL. 

2. 6. 3 . Analytic plan 
This study be gan re cruit ment in 2016 and is ex pected to be com - 

pleted in fall 2020. Mod i fied in ten tion - to - treat analy ses will in clude 
all ran dom ized par tic i pants with at least one post - baseline mea sure - 
ment. The pri mary out come is a re duc tion in MADRS scores 24  h post - 
treatment. Al though other time - points will be ex am ined, 24  h was se - 
lected as the pri mary out come to min i mize the im pact of acute se da - 
tion and psy choac tive ef fects and to align with sim i lar ke t a mine stud - 
ies for re frac tory de pres sion [ 37 , 38 ]. Re sponse rates (≥50% re duc tion 
in MADRS) will be ex am ined as a sec ondary out come. For the pri mary 
analy ses, re peated mea sures analy sis of co vari ance (AN COVA) mod els 
will ex am ine re duc tions in MADRS at 24  h co vary ing for base line 
MADRS, and lo gis tic re gres sion analy ses will ex am ine re sponse, as a 
func tion of treat ment group, con trol ling for base line MADRS. 



Contemporary Clinical Trials Communications 19 (2020) 100600

4

M.K. Dimick et al. 

For our sec ondary hy poth e sis ex am in ing cor ti cal per fu sion, the 
pri mary out come is mean change (i.e. dif fer ence in CBF as in: T3 - T0) 
in ASL across an te rior cin gu late cor tex (ACC), stria tum, and ven tral 
pre frontal cor tex (VPFC). Sec ondary analy ses will ex am ine these re - 
gions of in ter est in di vid u ally. AN COVA will ex am ine ASL change 
scores (T3 - T0), as a func tion of treat ment group con trol ling for T0 
ASL. Pear son cor re la tion co ef fi cients will be com puted to ex am ine the 
as so ci a tion of frontal CBF and RHI with change in MADRS scores 24  h 
post - treatment. If cor re la tions ≥0.3 are ob served, we will com pute lin - 
ear re gres sion mod els with change in MADRS as the de pen dent vari - 
able. The thresh old for sig nif i cance will be p  <  0.05 for all tests. Ex - 
ploratory analy ses will ex am ine B 12 and NO blood lev els, and se lected 
ge netic mark ers, as pre dic tors of changes in MADRS scores. Ex - 
ploratory analy ses will also ex am ine sec ondary mea sures in place of 
MADRS. This pre lim i nary study will not con trol for mul ti ple com par - 
isons on sec ondary or ex ploratory analy ses. 

2. 6. 4 . Power 
As sum ing a medium ef fect size ( d  ≥  0.4), 20 par tic i pants per cell 

will of fer suf fi cient power (β  =  0.8) to de tect a dif fer ence in the pri - 
mary out come across the two groups at α  =  0.05 (one - tailed). 

2. 7 . Limitations 

This is a highly novel and un prece dented study. As such, the pri - 
mary lim i ta tion is un cer tainty about the ef fec tive con cen tra tion and 
du ra tion of N 2 O treat ment. We could have opted for higher con cen tra - 
tion and/ or longer du ra tion of treat ment. We have taken a con ser v a - 
tive ap proach that min i mizes safety con cerns. We will in te grate ASL 
mea sures as a proof - of - concept, but also as a prox i mal in ter me di ate 
phe no type in the spirit of pre vail ing calls for ac tion re gard ing tar get 
en gage ment with novel an ti de pres sants [ 53 ]. We opted for ASL over 
SPECT be cause of con cerns re gard ing ra di a tion ex po sure. Also, we 
have not ap plied re stric tive med ica tion ex clu sions, opt ing to en roll 
the “real - life” clin i cal sam ple in which we fore see N 2 O po ten tially be - 
ing em ployed. Fi nally, we could have opted for re peated treat ments 
rather than a sin gle ses sion. In our view, pre lim i nary promis ing find - 
ings from the pro posed study, in terms of ef fi cacy and safety/ tol er a - 
bil ity, would be needed to jus tify a longer course of treat ment with 
N 2 O. 

2. 8 . Design - specific challenges 

Ob tain ing MR ap proval for this pop u la tion, which have fre quent 
med ical co mor bidi ties, re quires ex ten sive screen ing in clud ing X - rays 
and re view ing med ical records. Each par tic i pant re quires the co or di - 
na tion of seven staff mem bers, and co or di nat ing avail abil ity of a 
study psy chi a trist, study anes the si ol o gist, and MR tech ni cian is a 
unique chal lenge which re quires study visit 3 (drug ad min is tra tion) to 
oc cur dur ing the week ends. In ad di tion, as drug ad min is tra tion oc curs 
within an MR en vi ron ment cus tom fit ting of face masks is re quired to 
avoid MR con traindi cated mask com po nents. 

3 . Discussion 

Cur rently, there are few ef fec tive treat ments for bipo lar de pres sion 
[ 2 , 3 , 7 – 10 ]. Us ing ob jec tive mea sures (i.e. bio mark ers of treat ment re - 
sponse) in or der to per son al ize treat ment se lec tion is im por tant as 
treat ment ef fec tive ness has con sid er able vari a tion at an in di vid ual pa - 
tient level [ 54 , 55 ]. Fur ther more, it is crit i cal to study po ten tial treat - 
ments which en gage ob jec tive treat ment tar gets, such as CBF, in or der 
to bet ter un der stand the mech a nisms of both the dis ease and the 
mech a nism of ac tion of the treat ment [ 11 , 56 ]. 

N 2 O has two mech a nisms of ac tion that could be salu tary in bipo - 
lar de pres sion: an tag o nism of NMDA re cep tors [ 57 – 59 ], and cere - 

brovas cu lar va sodi la tion with pre dom i nance in the frontal re gions of 
the brain [ 60 ]. Glu ta mate, an ex ci ta tory neu ro trans mit ter, is a known 
tar get of mood sta bi liz ers and NMDA re cep tors are one of sev eral glu - 
ta mate re cep tors [ 61 ]. Sev eral NMDA an tag o nists have been shown to 
have anti - depressant ef fects in an i mal mod els both as monother apy 
and com bined with tra di tional anti - depressants [ 61 ]. N 2 O is known to 
in hibit NMDA - activated cur rents in a dose - dependent man ner within 
cul tured neu rons [ 62 ]. The ef fec tive ness of NMDA an tag o nism in the 
treat ment of de pres sion has been sug gested in re cent land mark stud ies 
of ke t a mine, re cently ap proved by the FDA for treat ment - resistant de - 
pres sion [ 63 ], al though not all NMDA re cep tor an tag o nists ex hibit an - 
ti de pres sant prop er ties [ 59 , 64 – 66 ]. N 2 O may also be ben e fi cial due to 
its ef fects on blood ves sels. BD is also strongly as so ci ated with pre ma - 
ture on set and ex ces sive preva lence of car dio vas cu lar dis ease (CVD), 
even com pared to ma jor de pres sive dis or der [ 67 , 68 ]. In ad di tion, BD 
is as so ci ated with white mat ter hy per in ten si ties sug ges tive of cor ti cal 
vas cu lar pathol ogy [ 69 – 73 ]. There is ev i dence that CBF (i.e. per fu - 
sion) is re duced in de pres sion, and that in creases in CBF are as so ci - 
ated with im prove ments in de pres sion [ 74 – 80 ]. Taken to gether, this 
sug gests that in creas ing frontal CBF could im prove bipo lar de pres sion. 

Ke t a mine shares sim i lar cel lu lar mech a nisms of ac tion with N 2 O 
[ 59 ]. Ke t a mine, an NMDA an tag o nist and anes thetic, has be come a 
pro to type for rapid - acting an ti de pres sants [ 65 , 81 , 82 ]. Ran dom ized 
con trolled add - on tri als of in tra venous ke t a mine pro vide sup port for 
ef fi cacy in bipo lar de pres sion [ 66 , 83 ]. Su pe rior ef fi cacy ver sus 
placebo is ev i dent within 40  min and per sists un til 3 days post - 
injection. A re cent study with the ac tive com para tor mi da zo lam in di - 
cates that the an ti de pres sant ef fi cacy of ke t a mine is not re lated to 
tran sient psy choac tive ef fects [ 38 ]. Pos i tive re sponse to ke t a mine in 
the treat ment of de pres sion has been as so ci ated with higher B 12 lev - 
els, glu cose me tab o lism, ke t a mine metabo lites, func tional con nec tiv - 
ity dur ing a work ing mem ory task, neural ac ti va tion to fear ful faces, 
spec troscopy, and fa mil ial and mol e c u lar ge netic fac tors [ 45 , 84 – 91 ]. 
In creased B 12 lev els have been as so ci ated with in creased anti - 
depressant treat ment re sponse in ke t a mine and other tri als [ 45 , 92 ]. 
Sev eral stud ies have shown pro longed an ti de pres sant ef fects of ke t a - 
mine af ter mul ti ple treat ments over time [ 93 – 95 ]. 

Nu mer ous stud ies have ex am ined CBF in re la tion to de pres sion us - 
ing var i ous neu roimag ing tech niques. CBF is con sis tently re duced 
among de pressed adults, par tic u larly in frontal re gions 
[ 74 , 75 , 78 , 80 , 96 – 101 ]. Higher pre treat ment CBF, par tic u larly in 
frontal re gions, pre dicts greater an ti de pres sant re sponse [ 102 ]. In 
turn, de pres sion treat ment af fects CBF, and changes in CBF may cor re - 
late with changes in de pres sion symp toms [ 75 – 77 , 98 , 103 – 105 ], al - 
though ex cep tions ex ist [ 106 , 107 ]. Among adults with bipo lar de pres - 
sion, re duced CBF may be most ev i dent in frontal, tem po ral and pari - 
etal re gions and in cases with more se vere de pres sion symp toms 
[ 80 , 108 – 110 ]. 

N 2 O has been in ther a peu tic use for over 150 years [ 111 ]. NMDA 
an tag o nism is most widely rec og nized prop er ties [ 60 , 112 ]. N 2 O pro - 
tects against neu ro tox i c ity of NMDA, pro duces sim i lar side ef fects to 
other NMDA an tag o nists in an i mal mod els, and in hibits NMDA - 
evoked cur rents in neu rons recorded us ing whole - cell, patch - clamp 
tech niques [ 112 ]. N 2 O has also been stud ied in in di vid u als with a 
fam ily his tory of al co hol prob lems and has been shown as an ef fec tive 
probe for her i ta ble NMDA - receptor dys reg u la tion [ 113 ]. A 2015 re - 
view high lights the po ten tial value of N 2 O as a treat ment for re frac - 
tory de pres sion, un der scor ing the pu ta tive mech a nism of NMDA re - 
cep tor an tag o nism [ 59 ]. 

An other cen tral prop erty of N 2 O is that it is also a ro bust cere bral 
va sodila tor in hu mans, and as so ci ated with changes in CBF [ 60 , 112 ]. 
In a study of 17 healthy adults, de liv ery of 30% N 2 O for 10  min was 
as so ci ated with a 22.5% in crease in gray mat ter CBF [ 14 ]. Re gion - 
specific find ings in clude in creased CBF in pari etal and left frontal gray 
mat ter ver sus sevoflu rane, an other cere brova sodila tory anes thetic 
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used in mag netic res o nance imag ing (MRI) di ag nos tics [ 114 ], and 
large in creases in frontal re gions (+28%) ver sus mod estly in creased 
CBF in the thal a mus (+11%), or re duced CBF in cere bel lum and oc - 
cip i tal lobes (−12% for each). [ 115 ] , De pres sion has been as so ci ated 
with an an te rior - posterior gra di ent in CBF, with pos te rior re gions 
show ing in creased CBF and an te rior re gions show ing lower CBF 
[ 116 , 117 ]. N 2 O ad min is tra tion has been shown to re dis trib ute the an - 
te rior - posterior gra di ent, such that there are greater CBF in creases in 
an te rior com pared to pos te rior blood flow [ 118 ]. In ad di tion to CBF 
and NMDA - related bio mark ers, there may be value in ex am in ing pe - 
riph eral in di ca tors of vas cu lar func tion such as pe riph eral en dothe lial 
func tion ing, which has been as so ci ated with de pres sion [ 73 , 119 , 120 ]. 

Stud ies have ex am ined the psy cho log i cal ef fects of N 2 O across var - 
i ous ap pli ca tions and pop u la tions [ 42 , 52 , 121 – 126 ]. Ben e fi cial mood - 
related ef fects have in cluded sense of calm [ 52 ], re duced ir ri tabil ity 
[ 124 ], and in creased pleas ant mood [ 125 ]. A blinded crossover trial 
in 20 par tic i pants with treat ment - resistant unipo lar ma jor de pres sion 
found a sig nif i cant re duc tion in de pres sive symp toms at 2  h 
(−22.86%) and 24  h (−26.19%) post treat ment with N 2 O (mix ture of 
50% ni trous ox ide and 50% oxy gen) as com pared to placebo (mix ture 
of 50% ni tro gen, 50% oxy gen; −10.95% and −13.33% re duc tion in 
de pres sive symp toms re spec tively) with 15% of par tic i pants (n  =  3) 
achiev ing full re mis sion ver sus no par tic i pants achiev ing full re mis - 
sion af ter placebo [ 33 ]. Al though the im pact of N 2 O on manic symp - 
toms in hu mans has not been sys tem at i cally ex am ined, N 2 O may re - 
duce hy per ac tiv ity in chil dren [ 121 ] and re duces am phet a mine - 
induced lo co mo tor sen si ti za tion in ro dents [ 127 ], which is one of the 
lead ing an i mal model prox ies for ma nia [ 128 ]. A study of 24 healthy 
adult women found that par tic i pants treated with 50% N 2 O for 
30  min af ter view ing a “trauma film” had a faster re duc tion of in tru - 
sive ana log trauma mem o ries com pared to those who re ceived med - 
ical air [ 129 ]. Fi nally, pre lim i nary find ings sug gest that N 2 O re duces 
sub jec tive emo tional re sponses and ac ti va tion of the amyg dala in re - 
sponse to emo tional im ages in healthy vol un teers [ 130 ]. 

N 2 O is a promis ing can di date drug as a novel treat ment for bipo lar 
de pres sion, ow ing to its in hibitory ef fects on NMDA re cep tors and its 
cere bral va sodila tory prop er ties. N 2 O is in ex pen sive, widely avail able, 
and has a long stand ing record of safety and tol er a bil ity at sub - 
anesthetic doses. This study rep re sents the unique col lab o ra tion be - 
tween psy chi a trists, anes the si ol o gists, and neu roimag ing spe cial ists. 
The lo gis tics of team co or di na tion, sched ul ing and par tic i pant re cruit - 
ment pre sent sub stan tial and unique chal lenges. While the study of 
N 2 O could have pro ceeded with out the neu roimag ing com po nent, the 
con cept of CBF tar get en gage ment as a cen tral mech a nism to ac count 
for the an ti de pres sant prop er ties of N 2 O is of cen tral in ter est. In deed, 
the study de sign will yield in sights re gard ing the neu ro phys i ol ogy of 
bipo lar de pres sion, us ing tar get en gage ment that is rel e vant to bipo lar 
de pres sion. More over, the study in te grates pu ta tive mod er a tors of 
N 2 O re sponse that are rel e vant to N 2 O, va sodi la tion, and/ or NMDA 
an tag o nism (base line CBF, en dothe lial func tion, B 12 , and NO lev els). 

This proof - of - concept study will pro vide valu able in for ma tion re - 
gard ing the acute im pact of a sin gle acute treat ment with N 2 O on 
mood and on CBF. Fu ture stud ies will be needed to op ti mize the con - 
cen tra tion and du ra tion of ex po sure to N 2 O. Nonethe less, our hope is 
that this study will spark an en tirely new field of re search into N 2 O as 
a treat ment for bipo lar de pres sion (and other brain dis eases for which 
mod i fi ca tion of CBF and NMDA re cep tor dy nam ics is rel e vant), and 
will pro vide valu able in for ma tion for this new field re gard ing the 
acute im pact of N 2 O on mood and neu ro phys i ol ogy. If N 2 O proves to 
be ef fi ca cious for bipo lar de pres sion in fu ture larger - scale tri als, its 
ubiq uity, safety, low cost, and ease of use sug gest that it has great po - 
ten tial to be come a game - changing treat ment for bipo lar de pres sion. 
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