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Abstract

Oxytocin (OT) is a potential treatment for multiple neuropsychiatric disorders. Since OT is a
peptide, delivery by the intranasal (IN) route is the preferred method in clinical studies. Although
studies have shown increased cerebrospinal fluid (CSF) OT levels following IN administration,
this does not clearly demonstrate that the peripherally administered OT is entering the CSF. For
example, it has been suggested that peripheral delivery of OT could lead to central release of
endogenous OT. It is also unknown whether the IN route provides for more efficient entry of the
peptide into the CSF compared to the IV route which requires blood brain barrier (BBB)
penetration. To address these questions, we developed a sensitive and specific quantitative mass
spectrometry assay that distinguishes labelled (d5-deuterated) from endogenous (d0) OT. We
administered d5-oxytocin (80 IU) to 6 nonhuman primates via IN and IV routes as well as IN
saline as a control condition. We measured plasma and CSF concentrations of administered and
endogenous OT before (t=0) and after (t=10, 20, 30, 45, 60 minutes) d5-oxytocin dosing. We
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demonstrate CSF penetrance of d5, exogenous OT delivered by IN and IV administration.
Peripheral administration of d5-OT did not lead to increased dO, endogenous OT in the CSF. This
suggests that peripheral administration of OT does not lead to central release of endogenous OT.
We also did not find that IN administration offered an advantage compared to IV administration
with respect to achieving greater CSF concentrations of OT.

Introduction

OT is a nine amino acid peptide, synthesized in the magnocellular neurons of the
paraventricular (PVN), supraoptic (SON), and accessory (AN) magnocellular nuclei of the
hypothalamus and released into the bloodstream from the nerve terminals of these nuclei in
the posterior pituitary(1). Peripherally, OT stimulates uterine contraction during parturition
and milk let-down during lactation. Neurons from these nuclei also project centrally to
forebrain regions(2) modulating neurocircuitry related to learning and memory, anxiety, fear,
social approach and reward (3). In human behavioral and neuroimaging studies, peripheral
delivery of OT modulates measures of behavioral and neural response (4—7). Several clinical
studies were conducted to test the effect of intranasal OT as a treatment for numerous
neuropsychiatric disorders including autism, schizophrenia, addiction, anxiety and
depression [for review, see: (8)]. Delivering OT via the intranasal (IN) route, rather than the
intravenous (IV) route, provides for easier, more efficient administration and protection from
systemic toxicity (9). Importantly, the IN route is thought to be a “privileged pathway” (10),
bypassing the BBB, conferring an advantage for central penetrance for molecules such as
OT that cross the BBB with difficulty, ~.002% (11), though this latter study did not use
labelled OT.

Despite these previous studies, important questions remain with respect to CSF penetrance
of the peptide after IV and IN administration. Further, comparing these routes of
administration, it is not known whether IN delivery of OT offers an advantage compared to
IV, by perhaps bypassing the BBB. Lastly, the effect of administered OT on central or
peripheral endogenous OT concentrations is unknown. Addressing these questions will aid
development of OT as a potential treatment for neuropsychiatric disorders.

CNS penetrance of IN or IV OT has not been clearly demonstrated. Several studies have
shown elevations in CSF OT following peripheral administration (12—18). However, none of
these studies determined whether elevation in CSF OT was due to the administered peptide
crossing into the CSF or whether there was an increase in OT due to stimulated release of
central OT, via a feed forward mechanism, as has been suggested(19). Intraperitoneally
delivered OT increased c-Fos expression in OT synthesizing neurons of the SON and PVN,
perhaps leading to release of central OT (20). Similar results of increased c-Fos expression
in PVN and other areas (area postrema and dorsal motor nucleus of vagus of the medulla)
were also found with IN delivery of OT (21).

In studies examining the endogenous OT system in patients with neuropsychiatric disorders
(22), peripheral (serum) OT concentrations are a surrogate measure for endogenous CNS
OT. However, little is known about the relationship between peripheral and central OT
concentrations and some contend that they are separately regulated (23). Indeed, the recent
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human study measuring CSF OT (18) and a nonhuman primate study (15) did not find a
relationship between CSF and plasma OT. However, a recent rodent study (17) found that
plasma and brain extracellular fluid concentrations were positively correlated. One problem
interpreting these results was the use of different methods across studies to measure OT in
plasma and CSF. Further, the assays commonly employed have limitations, with the enzyme-
linked immunosorbent assay (ELISA) having limited specificity and the radioimmunoassay
(RIA), limited sensitivity (24).

To address these issues, we developed and validated a highly sensitive and specific
quantitative mass spectrometric assay that is able to distinguish endogenous (d0) and
administered d5-deuterated OT. We employed this novel assay to measure endogenous and
administered d5 OT in plasma and CSF after administering d5 OT to nonhuman primates.
We examined whether, 1) administered OT via the IN and IV routes reaches the CSF, 2)
endogenous CSF OT concentrations are affected following peripheral administration of OT,
3) IN OT leads to higher CSF concentrations of OT than IV administration, and 4)
endogenous, d0 OT concentrations in plasma and CSF are correlated.

Materials and Methods

Establishing a novel liquid chromatography tandem mass spectrometry (LC-MS/MS)
method for quantification of endogenous and deuterated oxytocin We developed and
validated a liquid chromatography tandem mass spectrometry (LC-MS/MS) assay for
accurate quantification of endogenous OT and exogenous d5-deuterated OT (d5 OT, Sigma
Aldrich Chemicals, Supplementary Figure 1) in monkey plasma and CSF collected during
our nonhuman primate d5-OT IV and IN administration studies. This method differentially
quantifies endogenous dO OT and administered d5 OT from 10-500 ng/L linear ranges. To
prepare calibrators and quality control samples, human plasma, which contains <5 ng/L dO
OT, was fortified with known amounts of d0 (Cayman Chemical Company, Supplementary
Figure 1) and d5 OT. Monkey CSF contains >10 ng/L d0 OT, therefore, CSF analytical
calibrators and quality controls were prepared by fortifying a mixture of artificial CSF:blank
human plasma (aCSF:plasma, 90:10, v/v) with dO OT and d5 OT. Calibrators were prepared
by fortifying 1 mL human plasma or 0.75 mL aCSF:plasma to contain dO and d5 OT at the
following concentrations: 10, 25, 50, 100, 250 and 500 ng/L; quality control samples were
prepared at 30, 120 and 400 ng/L. D10 OT (Cayman Chemical Company, Supplementary
Figure 1) was added to all calibrators, quality control and authentic samples as an internal
standard at 50 ng/L to compensate for recovery and matrix effects. Plasma and CSF samples
were clarified via acetonitrile precipitation and solid phase extraction (Strata X Drug B,
60mg/6mL, Phenomenex, Inc.) before LC-MS/MS analysis. Plasma and CSF samples were
precipitated with 2 mL acetonitrile, supernatants collected after centrifugation were dried
under nitrogen at 40°C until <1 mL solution remained and diluted with 5.5 mL 0.2M
ammonium acetate buffer, pH 3.0. Solid phase extraction columns were conditioned with:
methanol, water and 0.2M ammonium acetate buffer, pH 3.0 (2 mL each) before application
of diluted sample supernatants that were loaded onto columns via gravity. Columns were
washed with 0.2M ammonium acetate buffer, pH 3.0, water and acetonitrile (2 mL each).
Following drying for 5 min with 275 kPa compressed air, analytes were eluted with 2 mL
2% ammonium hydroxide in methanol. Eluates were dried completely under nitrogen at
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37°C, reconstituted in 125 uLL mobile phase A:mobile phase B (95:5, v/v) and transferred
into glass auto-sampler vials. Plasma samples were injected onto a Shimadzu Nexera ultra-
high pressure liquid chromatograph coupled to an LCMS 8050 mass spectrometer
(Shimadzu Scientific Instruments, Inc.) operated in positive electrospray mode. CSF samples
were injected onto a Shimadzu LC-20xr high pressure liquid chromatograph coupled to a
6500+ QTRAP mass spectrometer (SCIEX) operated in positive electrospray mode. DO, d5
and d10 OT were analyzed via gradient elution with A) 0.1% formic acid in water and B)
0.1% formic acid in acetonitrile at 0.5 mL/min on a Kinetex C18 column (50 x 2.1 mm, 2.6
um particle; Phenomenex, Inc.) with a 50 pL injection volume.

The following multiple reaction monitoring (MRM) mass transitions were monitored for
quantifying the two compounds: d0) 1007 to 723, 1007 to 285, d5) 1012 to 723, 1012 to 290
while monitoring 1017 to 723 and 1017 to 295 for the d10 OT internal standard
(quantification MRMs in bold, additional MRMs are for verifying each analyte’s identity).
Lowest limits of quantification were 10 ng/L with upper limits of quantification of 500 ng/L
for plasma and CSF methods. Recoveries and matrix effects presented in Supplementary
Table 1 were: 89.5-97.6% and 116.3-209.9%, respectively, (n= 10) for human plasma;
recoveries and matrix effects were: 88.5-92.7% and 138.0-181.6%, respectively (n = 3) for
monkey plasma. Recoveries and matrix effects were: 90.4—-111.0% and 247.7-539.4%,
respectively (= 6) for aCSF:plasma; recoveries and matrix effects were: 104.8-115.7% and
211.2-463.1% for d5 OT in monkey CSF (n= 3). Assay performance for quality control
samples fortified into human and monkey plasma was similar, with all measured
concentrations within #20% of target; similarly quality control samples fortified into
aCSF:plasma and monkey CSF achieved accuracy within £20% of d5 OT target
concentrations (See Supplementary Tables 2 and 3). For human plasma: intra-batch accuracy
and imprecision were 92.8-106.2% of target and 5.6-9.0% coefficient of variation (N=5);
inter-batch accuracy and imprecision were 92.0-98.9% of target and 5.5-8.3% coefficient of
variation (N=25). For aCSF:plasma: intra-batch accuracy and imprecision were 93.4—
107.5% of target and 2.7-9.8% coefficient of variation (N=5); inter-batch accuracy and
imprecision were 96.1-105.3% of target and 6.2—10.4% coefficient of variation (N=20).
Plasma samples quantifying >500 ng/L were diluted with blank human plasma and re-
analyzed to fall within the assay linear range, and concentrations corrected for dilution
factor. This highly sensitive, specific and accurate LC-MS/MS method provides acceptable
performance for quantifying dO and d5 OT in rhesus monkey plasma and CSF following d5
OT administration.

Administration of labelled OT to nonhuman primates and measurement of endogenous
and administered oxytocin in plasma and CSF

Setting—The study was conducted in the National Institutes of Health (NIH) Intramural
Research Program and carried out under a protocol approved by the Animal Care and Use
Committee of the National Institute of Mental Health. Procedures adhered to applicable
United States federal and local laws, regulations and standards, including the Animal
Welfare Act (AWA 1990), Regulations (PL 89-544; USDA 1985), and Public Health Service
(PHS) Policy (PHS 2002). All experimental procedures were performed under anesthesia,
and all efforts were made to minimize suffering.
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Subjects and Procedure—Male adult (N = 6) rhesus monkeys (Macaca Mulatta) (6.2—
11.5 kg) participated in this study. All animals were pair housed. There were 3 DRUG
conditions: IV and IN deuterated OT (d5 OT) [Sigma Aldrich Chemicals], and IN saline
(control condition) administered in a within-subject counterbalanced order over a 3-week
period (i.e., one session per week). The d5 OT dose was 80 IU similar to previous
studies(12). Blood and CSF samples were taken immediately prior to and at 10, 20, 30, 45
and 60 min post d5 OT/saline administration.

Oxytocin—For IN administration, d5 OT (80 IU) was dissolved in 1 mL normal saline,
drawn up in a syringe to which an IN mucosal atomization device (LMA MAD Nasal,
Teleflex Medical; Research Triangle Park, NC) was attached. In the experiment, 0.5 mL
solution or saline was administered to each nostril. Anesthetized animals were placed in a
supine position with their head tilted back approximately 45 degrees with the chin up so the
spray could better reach the epithelium. During each spray in one nostril, the other nostril
and the mouth were held closed to allow the solution to reach the respiratory and olfactory
epithelia as was done in a previous animal study (25). For the IV condition, 1 mL normal
saline containing 80 U d5 OT was injected into a peripheral vein in the leg.

Before all d5 OT or saline administration sessions, each monkey received an intramuscular
(IM) dose of ketamine (10 mg/kg) and dexdomitor (0.01 mg/kg) in the home cage and upon
sedation was immediately transferred to an adjacent treatment room for blood and CSF
collection. Glycopyrrolate (0.01 mg/kg, i.m.) was also administered to reduce brachial
secretions. Animals were closely monitored prior to, during, and after anesthesia until they
could safely sit upright on their own. Post-procedure analgesics such as ketoprofen (2
mg/kg) were administered based upon veterinary consultation.

Blood and CSF samples—BIlood samples (5 mL) were drawn from the femoral or
peripheral vein and CSF (1.5 mL) was obtained from the cisterna magna using a sterile
single-use needle. CSF collection typically took less than 60 seconds. Following collection,
blood samples were immediately centrifuged at 4°C, plasma was then separated and frozen
at —80°C within 20 minutes of sample collection. CSF samples were immediately frozen on
dry ice and stored at —80°C.

Blood Contamination of CSF samples—BIlood contamination of CSF samples was
determined by color matching CSF samples with a standard curve of 8§ saline samples
fortified with blood concentrations ranging from 0.1% to 20%. The maximum blood
contamination of any CSF sample was 1%. The approximate quantity of d5 OT in each CSF
sample at each time point that was due to blood contamination was calculated by the
following formula:

%blood contamination/100 x 0.7 x Plasma d5 OT/2,

where 0.7 is a correction for the fraction of OT that is not protein bound (26) and the d5 OT
plasma concentration is divided by 2 to approximate the d5 OT blood concentration. This
quantity was subtracted from all non-zero CSF d5 OT concentrations at the corresponding
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time point. A negative value would indicate that the measured d5 OT was entirely due to
blood contamination of CSF. Only one negative value was found using this calculation and
that was in the IV OT condition for one monkey at T=10 (Tmax). Analyses excluding this
time point were unchanged. Blood contamination could not be similarly calculated for CSF
dO OT as dO OT plasma concentrations were less than the assay’s lowest limit of
quantification.

Missing Samples—In total, missing plasma samples for each condition were: IN Saline
(n=0), IV d5 OT (n=7), IN d5 OT (n=3). Missing CSF samples per condition were: IN Saline
(n=4), IV d5 OT (n=10) and IN d5 OT (n= 4). One monkey was not dosed with IV d5 OT
due to a medical complication after initiating anesthesia resulting in 12 missing samples: 6
CSF and 6 plasma. All other missing samples were due to technical difficulties with
cisternal taps or blood draws.

Statistical and Pharmacokinetics Analyses—Four main outcome measures were d0O
OT and d5 OT concentrations in plasma and CSF. Each outcome measure was normalized
using log10 resulting in skewness of <1 and >—1. The normalized outcome measures were
used in all linear mixed model analyses. The residuals from all mixed linear model analyses
were examined for normality with the Shapiro-Wilk Test (p value ).05). Nonparametric
tests were used when results from analyses were not normally distributed.

The effect of IN and IV routes of administration of d5 OT on d5 concentrations in plasma
and CSF was analyzed separately for each route using a linear mixed model where the
dependent variable was plasma or CSF d5 OT and fixed effects were TIME (0,10,20,30,45,
and 60 min); monkey ID was added as a random effect. Pairwise comparisons between time
points T=0 and each of the 5 subsequent time points were Bonferroni-corrected.

A comparison of IN and IV routes of administration of d5 OT on d5 OT concentrations in
plasma and CSF was also analyzed using a linear mixed model: dependent variables were
the difference (IV-IN) plasma or CSF d5 OT concentrations; fixed effects was TIME (0, 10,
20, 30, 45, 60 minutes); monkey ID was added as a random effect. For a significant main
effect of TIME, post hoc analyses were Bonferroni-corrected to examine pairwise
differences between T=0 and each subsequent time point.

A mixed linear model was employed to determine whether baseline (t=0) dO CSF
concentrations were significantly different across DRUG conditions. A mixed linear model
also was utilized to measure the effect of administration of d5 OT on endogenous (d0) OT
plasma and CSF concentrations. Two separate analyses of DRUG ROUTE were conducted:
1) comparison between IN d5 OT and IN SALINE conditions and 2) comparison of IV and
IN d5 OT conditions. Dependent variables were either plasma or CSF d0 OT; fixed effects
were TIME (0, 10, 20, 30, 45, 60 minutes), DRUG ROUTE (IN Saline/IN d5 OT or IN d5
OT/IV d5 OT) and TIME x DRUG ROUTE interaction; a random factor was added for
monkey ID. For a significant TIME x DRUG ROUTE interaction, post hoc analyses were
Bonferroni-corrected pairwise comparisons between DRUG ROUTE conditions.
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Correlations between 1) plasma and CSF d0 OT, 2) plasma and CSF d5 OT, 3) plasma d5

OT and CSF dO OT and 4) plasma d5 OT and plasma dO OT comparisons were conducted
separately for each route of administration via linear mixed model with one of the variables
in the pair as the dependent measure and one as a covariate. Pharmacokinetic parameters for
each monkey were calculated for d5 OT in CSF and plasma via non-compartmental
pharmacokinetics analysis. These parameters were maximum concentration (Cmax), time to
maximum concentration (Tmax), and area under the concentration-time curve between 0 and
60 min post dose (AUCq_g). The latter parameter was calculated using the linear trapezoidal
method. Comparison of the pharmacokinetic parameters of d5 OT in CSF and plasma for
each monkey was conducted with paired t-tests (2-tailed) for Cmax, Tmax and AUC_g. For
dO CSF, AUC(_go was compared across the 3 DRUG conditions with a mixed linear model
with DRUG condition as a repeated measure and monkey as a random factor.

Absolute % bioavailability of d5 OT after IN administration was calculated as 100 x
(AUCN/AUCTy). Drug targeting efficiency percentage (%DTE), a measure of the relative
exposure of the CSF to the drug following IN administration of d5 OT vs IV administration
of d5 OT was calculated with the following equation:

DTE%=(AUC,,, /AUC AUC,,, /AUC x 100%

Plasma ) ™ / ( “Plasma )l||\_.-

The value of %DTE can range from —00 to 00, and the values higher than 100% indicate
more efficient drug delivery to the CNS following IN administration as compared to [V
administration (10).

All analyses were conducted with IBM SPSS (Version 20, Armonk, New York) with the
exception of the pharmacokinetic analyses which were computed with EXCEL.

Endogenous, d0 OT plasma concentrations

All dO OT plasma concentrations were less than the lowest limit of quantification for the
assay (10 ng/L) at all time points for all three DRUG conditions for all monkeys. Therefore,
this outcome measure was not used in the planned analyses. In the IN saline condition, no d5
OT was detected in CSF or plasma at any time point.

Evidence of administered d5 OT in CSF and plasma after IN and IV administration of d5 OT

After IN and IV administration, d5 OT was identified in CSF and plasma (Figure 1).

For IN administration there was a significant main effect of TIME on both CSF
[F(5,19.80=2.78, p=0.047] and plasma [F(5,21.89)=107.17, p<0.001] d5 OT concentrations.
CSF and plasma d5 OT levels at the 60 minute time point were each significantly different
from zero [CSF, p= 0.03 (Figure 2); plasma: p<0.005].

For IV administration, there was a significant main effect of TIME on both CSF
[F(5,15.59)=54.39, p<0.001] and plasma [F(5,17.24)=1123.6, p<0.001]. For CSF (Figure 2)
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and plasma, the pairwise comparisons between TO and T60 as well as all other time points
were significant (p<0.005).

IV administration yielded significantly higher d5 OT CSF concentrations than IN
administration. There was a main effect of TIME [F(5, 12.32)= 18.58, p<0.001] on the
difference between IV and IN CSF d5 OT concentrations. Pairwise comparisons between
T=0 and T= 10, 20, 30 and 45 minutes were all significantly different (p<0.005). There was
no significant difference between T=0 and T=60.

In plasma, there was also a main effect of TIME [ F(5, 18.25)=8652, p<0.001] on the
difference between IV and IN plasma d5 OT concentrations. Pairwise comparisons between
difference in plasma concentrations of d5 OT (IV-IN) were significantly different at T=0 and
all subsequent 5 time points (p<0.005), with concentrations greater in the IV compared to IN
condition.

Endogenous d0 OT concentrations after IN and IV administration of d5 OT and IN
administration of Saline

There was no difference in baseline (t=0) endogenous (d0) OT CSF concentrations across
the three DRUG conditions [F(2,10.1)=2.07, p=0.177]. Time courses of d0 OT CSF
concentrations after IN and IV administration of d5 OT and IN Saline are shown in Figure 3.

Compared to IN Saline, there was no effect of IN d5 OT administration on CSF dO levels
[F(1,17.42) = 0.007, p=0.933]. There was a significant main effect of TIME [F(5, 34.96)=
3.66, p=0.009] but no significant effect of d5 OT on TIME [F(5,35.71)=2.35 p=0.06].

Comparing IN and IV d5 OT administration, there was no significant effect of DRUG
ROUTE administration on CSF endogenous d0 OT concentrations [F(1,42.22)=3.29,
p=0.077]. There was no significant effect of TIME on endogenous d0 OT CSF
concentrations [F(5,40.41)=2.43, p=0.051] and no ROUTE x TIME interaction [F(5,39.93)=.
42, p=0.835].

The effect of IN d5 OT vs IN saline or the effect of IV d5 OT vs IN d5 OT on plasma dO OT
concentrations could not be determined because all plasma d0 OT concentrations were
below the assay’s lowest limit of quantification (10 ng/L).

Correlations between plasma and CSF endogenous and exogenous OT concentrations

There was a significant correlation between CSF d5 OT and plasma d5 OT in the IN [t=4.52,
df=4, p=0.011] and IV [t=3.09, df=4, p=0.037] conditions (Figure 4). There was a
significant correlation between CSF dO OT and plasma d5 OT in the IN [t=—2.95, df=5,
p=0.032] condition and no significant correlation in the IV condition [t=.021, df=4,
p=0.985] (Figure 5). There were no significant correlations between endogenous and
administered OT in CSF in either the IN [t=—1.78, df=3, p=0.172] or the IV [t=1.40, df=4,
p=-233] conditions (Figure 6). None of these correlations survived correction for multiple
testing.
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Correlation of dO plasma and CSF OT was not possible, as all plasma d0 OT concentrations
were below the assay’s lowest limit of quantification. Nor was the correlation of plasma d0
concentrations with administered D5 OT possible. Correlations were not done for the IN
saline condition as d5 OT was not detected in plasma or CSF in this condition.

Pharmacokinetic Calculations for d5 OT administered IV and IN

Figure 7 shows d5 OT pharmacokinetics in plasma and CSF after IV and IN administration.
Bioavailability post IN administration was similar, albeit low for plasma and CSF indicating
that the IN route did not confer greater availability for the nose to brain route compared to
the nose to blood route. There was no significant difference between Tmax, Cmax and
AUC(_gq for d5 OT in CSF when administered by IN compared to IV routes. For plasma d5
OT, however, there was a significant difference in Tmax, Cmax and AUC (_go between IV
and IN routes of administration with larger concentrations and earlier time to peak
concentration for the IV route. DTE%’s were 33.6, 50.5, 154.6 and 205.4 (data available
only for 4 monkeys). The mean DTE was 111% with a standard deviation of 69%. For dO
OT in CSF, there was no significant difference between AUC(_gg between the 3 DRUG
ROUTE conditions [F (2, 9.70) =0.886, p=0.443].

Discussion

This study demonstrates for the first time, CSF penetrance of exogenous OT administered
peripherally (IN and I'V) to nonhuman primates. We also found, 1) no evidence of a feed-
forward effect on endogenous CSF OT concentrations after peripheral OT administration; 2)
no evidence of a “privileged” nose to brain route with IN compared to IV delivery; and 3)
development and validation of a sensitive and specific mass spectrometric assay that
distinguishes between administered d5 OT and endogenous dO OT concentrations in plasma
and CSE.

These results extend previous studies reporting elevations in CSF OT after IN delivery (13—
16) by measuring, separately, endogenous (d0) and administered (d5) OT in plasma and CSF
after d5 OT dosing. This allowed us to differentiate between peripherally administered OT
crossing into the CSF as opposed to leading to central release of OT.

Crucially, the LC-MS/MS assay we developed, validated and employed during our study
was able to discriminate between d5 and dO (endogenous) OT. Administration of deuterium-
labeled (d5) OT combined with LC-MS/MS data acquired with unit mass resolution allowed
us to distinguish between d0 OT (endogenous) and d5 OT (administered IV or IN) and
quantify dO and d5 OT to 10 ng/L concentrations in plasma and CSF with high accuracy and
reproducibility due to inclusion of a d10 OT internal standard to compensate for recovery
and matrix effects. This allowed us to determine whether IV or IN d5 OT crosses the BBB
and also allowed us to determine the bioavailability of OT in plasma and CSF following IN
administration. Previous methods measuring dO OT via ELISA or RIA employed antibodies
that bind to portions of the OT molecule and would not have been able to distinguish
between dO and d5 OT. Furthermore, antibodies can cross-react with various unknown
sample components compromising specificity (i.e. vasopressin).
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Simultaneous quantification of dO and d5 OT, allowed us to determine that dO OT plasma
and CSF concentrations are not increased after d5 OT up to 60 minutes post-d5 OT
administration. It is possible that stimulated release occurred outside the 60 minute sampling
period or locally in the brain without manifesting as an elevation in dO CSF levels.

A feed forward mechanism was suggested (19, 20, 23) as a process that may contribute to
elevations in CSF OT after peripheral OT administration. Specifically, exogenous peptide,
gaining access to the CNS or acting peripherally could stimulate hypothalamic nuclei to
increase production of OT. The results reported herein, however, do not support that
administration of d5 OT led to increased endogenous OT levels. Endogenous CSF OT
concentrations were unaffected by IN administration of d5 OT compared to IN saline or IN
dS OT compared to IV d5 OT. In particular, the inclusion of a placebo condition supports the
notion that the administration of OT does not affect endogenous OT concentrations in CSF
as does the absence of a significant correlation between plasma d5 OT and CSF dO OT. We
could not measure endogenous dO OT in plasma as all concentrations were below the assay
limit of quantification, therefore, we cannot rule out the possibility of a feed forward effect
on plasma levels of dO OT, especially if elevations remained below the level of detection of
the assay. We would expect, however, that if there were a significant feed forward effect of
OT administration, dO OT plasma concentrations would have increased, rising above the
limit of quantification and be quantifiable during the course of the 60 minute sampling
period.

The data presented here also allow for determination of whether the IN route is a “privileged
pathway” for access to the CSF, namely direct passage of the drug from the nasal cavity to
the CSF via the olfactory or trigeminal nerves, bypassing the BBB. There was no significant
difference in pharmacokinetic parameters, Tmax, Cmax and AUC(_go between the IN and
IV routes of administration (Figure 4). The equivalent bioavailability in both compartments
after IN administration suggests that IN delivery is not associated with an improvement in
bioavailability compared to the blood to CSF pathway. This suggests either that the route to
the CSF after IN delivery is across the BBB or that direct routes, via the trigeminal and or
olfactory nerves do not result in more efficient transport into CSF. The brain targeting
efficiency index (%DTE) (10) is a measure of relative accumulation of the drug in the brain
following IN compared to IV administration. There does not appear to be a larger relative
accumulation of OT in CSF in the IN condition relative to IV, as equivalence of the two
routes would be 100% and 2 of the 4 monkeys were below equivalence. There was large
inter-monkey variability for %DTE’s reflecting wide variability of CSF and plasma OT
concentrations after IN administration. Although the average is just above 100%, the large
standard deviation prevents concluding that IN delivery is the more efficient pathway for OT
compared to I'V.

Although the IN route does not appear to confer an advantage to reaching the CSF, the
significant difference in pharmacokinetic parameters between IV and IN for the plasma
affirms that a potential benefit of IN administration is avoidance of unnecessary systemic
exposure to the drug with increased risk of potential side effects. In this scenario, compared
to IV administration, the less invasive IN delivery would result in lower plasma
concentrations that are one-tenth of that measured after IV administration. Of course, more
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research is needed on the effect of the magnitude of dose and chronicity of dosing on the
endogenous OT system.

Lastly, this study sought to address important, open questions in studies that examine OT as
a potential treatment for neuropsychiatric disorders. The rationale for using OT as a
treatment for these disorders is based on its role to modulate neurocircuitry that is altered in
disease. However, the extent to which the neurobehavioral effects of OT reported in
preclinical and clinical studies are centrally mediated is unknown. Although these data
indicate that IN (and I'V) OT passes into the CSF, it is not known if this central access is
responsible for the neurobehavioral effects reported to date with IN or IV OT. Indeed, the
highly variable extent and time course of CSF penetrance, after IN administration in
particular, raises the question of whether the central effect of OT as is observed in imaging
studies (27), is mediated centrally or possibly by some peripheral mechanism as has been
demonstrated for OT in feeding behaviors (28). One way to probe this mechanism would be
to use the OT antagonist, atosiban, (used routinely in clinical practice to treat preterm labor),
which does not pass the BBB. Blocking the peripheral effect of administered OT with an
antagonist, could help to determine if there is a contribution of peripheral pathways to the
observed neurobehavioral effects observed with IN or IV OT administration.

Further, the highly variable time course of d5 OT in the CSF calls into question the optimal
interval between OT dosing and experimental procedures particularly for the IN route of
administration. Indeed, in the IN condition, the only time point when d5 OT CSF
concentrations were different from 0 was at 60 minutes post administration (Figure 2).
Therefore, these data suggest that a reasonable interval (between administration and
experimental procedures) is 60 minutes if the experimental aim includes presence of the
administered OT in the CSF. Our results are limited to male monkeys; there is the possibility
that the pharmacokinetics of OT in females might differ as suggested by a previous study
where clearance rates were found to be lower for nonpregnant females compared to males,
though differences were not significant (29).

While the endogenous OT system has been shown to be altered in various neuropsychiatric
diseases including addiction (5, 30), the relationship between CSF and brain concentrations
of both endogenous and administered OT is unknown. It is unknown if and where
administered OT (via the IN and IV routes) is found in the brain. Further, it is unknown
whether the extent of brain areas reached differs as a function of route of administration, as
was found in rodents (21). As the results of this study measure only CSF, not brain levels of
the administered peptide, further studies should be done investigating the brain penetrance of
labelled OT after IN and IV administration. Quantification of endogenous plasma OT would
also be important to examine the relationship between peripheral and central endogenous OT
pools especially in the context of stress and psychiatric illness. As such, further research to
increase sensitivity in the LC-MS/MS assay to enable quantification of endogenous plasma
OT concentrations is important.

CSF sample contamination with blood ranged from 0-1% and CSF d5 OT concentrations
were not higher in samples with more blood contamination. For example, monkey 6, with
the highest CSF d5 OT levels after IN administration (Figure 1A), had contamination levels
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of <.1%; conversely monkeys with d5 OT concentrations in CSF below the limits of
quantification had 5-10 fold higher levels of contamination. Also, it is unlikely that CSF dO
OT levels were contaminated by dO OT from blood as plasma concentrations of dO OT were
below limits of quantification (10 ng/L), so it is unlikely that even the maximum blood
contamination (1%) would have appreciably elevated dO OT concentrations.

In conclusion, our results indicate that IN and IV administered OT reached the CSF within
one hour after OT administration, there was no significant alteration in endogenous OT
concentrations above 10 ng/L in the CSF, and there was no increased bioavailability of OT in
the CSF after IN compared to IV delivery. The use of this sensitive and specific assay to
measure and differentiate between endogenous d0 OT and administered d5 OT will further
research into this peptide as a potential treatment for numerous neuropsychiatric disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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dS oxytocin (OT) concentrations: Time course of d5 oxytocin (OT) concentrations in

monkey cerebrospinal fluid (CSF, panels A and B) and plasma (panels C and D) after

intranasal and intravenous administration of 80 IU d5 OT (N = 6). Dashed line indicates the

limit of quantification (10 ng/L). Insets magnify time course at lower concentrations of d5

OT in CSF.

Mol Psychiatry. Author manuscript; available in PMC 2018 July O1.



1duosnuep Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Lee et al. Page 16

Log10 CSF d5 OT at T=60

3-
2+
14
0 T
Q Ny
Figure 2.

Significant elevationsin Log 1y CSF d5 OT concentrations (SEM) at T= 60 minutes after
IV (p<0.005) and IN (p=0.030) administration of 80 IU d5 OT.
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dO oxytocin (OT) concentrations: Time course of dO oxytocin (OT) in monkey cerebrospinal
fluid (CSF) at baseline and after A) intranasal d5 OT, B) intravenous d5 OT and C)
intranasal saline administration (V= 5-6). Dashed line indicates lowest limit of
quantification (10 ng/L).
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IN and b) IV d5 OT delivery.
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oxytocin (OT) in monkey plasma and cerebrospinal fluid after intravenous and intranasal d5

OT administration (80 IU; N=4-6). P-values for paired t-test administration route
comparisons are noted in each panel.
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