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Background:  The  neuropeptide  oxytocin  (OT)  has  received  increased  experimental  attention  for  its
putative  role  in  both  normal  social  functioning  and several  psychiatric  disorders  that  are  partially  charac-
terized  by  social  dysfunction  (e.g., autism  spectrum  disorders:  ASD).  Many  human  experimental  studies
measure  circulating  plasma  levels  of  OT in  order  to examine  the  relationship  between  the  hormone  and
behavior.  Urinary  OT  (uOT)  assays  offer  a simple,  easy,  and  non-invasive  method  to  measure  peripheral
hormone  levels,  but  the  correspondence  between  uOT and  plasma  OT  (pOT)  levels  is  unclear.  Here,  we
conducted  two  within-subjects,  double-blind  studies  exploring  changes  in  uOT and  pOT  levels  follow-
ing  administration  of  two drugs:  MDMA,  an  oxytocin-releasing  drug  (Study  1),  and  intranasal  oxytocin
(INOT:  Study  1 and 2).
Methods:  In Study  1, 14  adult  participants  (2 females)  were  each  administered  either  oral  1.5  mg/kg
MDMA  or  40 IU  INOT  across  two different  study  sessions.  In Study  2, 10 male  participants  (adolescents
and  young  adults)  diagnosed  with  ASD  received  either  40 IU INOT or  placebo  across  two  different  sessions.
In  both  studies,  blood  and  urine  samples  were  collected  before  and  after  drug  administration  at  each  study
session. For  Study  1, 10 participants  provided  valid  plasma  and  urine  samples  for  the  MDMA  session,  and
8 provided  valid  samples  for the  INOT  session.  For Study  2, all 10 participants  provided  valid  samples
for  both  INOT  and  placebo  sessions.  Pre- and  post-administration  levels  of  pOT  and  uOT  were  compared.
Additionally,  correlations  between  percent  change  from  baseline  uOT and  pOT  levels were  examined.
Results:  Study  1:  Plasma  OT and  uOT  levels  significantly  increased  after  administration  of  MDMA  and  INOT.
Furthermore,  uOT  levels  were  positively  correlated  with  pOT  levels  following  administration  of MDMA
(r = 0.57,  p =  0.042)  but not  INOT  (r = 0.51,  p=0.097).  Study  2: There  was  a significant  increase  in uOT  levels
after  administration  of  INOT,  but not  after administration  of  placebo.  Under  both  conditions,  INOT and
placebo,  significant  increases  in  pOT  levels  were  not  observed.  Additionally,  change  from  baseline  uOT
and  pOT  levels  were  positively  correlated  (r = 0.57,  p=0.021).  There  was  no significant  correlation  between
uOT and pOT  levels  following  placebo  administration.
Conclusion:  Our  results  show  a  measurable  and  significant  increase  in  pOT  and uOT  levels  after  the  admin-
istration  of  MDMA  (Study  1)  and  INOT  (Study  1 and Study  2).  Additionally,  a positive  correlation  between
uOT  and  pOT  levels  was  observed  in both  samples  (healthy  adults  and  ASD  patients)  in at  least  one  con-

dition.  However,  uOT  and  pOT  levels  were  not  correlated  under  all conditions,  suggesting  that  uOT  levels
do  not  fully  correspond  to pOT  levels  in  the  time  windows  we  measured.  Future  studies  should  further
examine  the  relationship  between  levels  of  pOT  and  uOT  in healthy  and clinical  populations  on  measures
of  social  behavior  because  uOT  may  serve  as  an additional  non-invasive  method  to  measure  peripheral
OT  changes.
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. Introduction

Over the past 25 years, oxytocin (OT) − a neuropeptide syn-
hesized in the paraventricular nucleus and supraoptic nucleus of
he hypothalamus and released to both central and peripheral cir-
ulation − has received increased attention for its role in social
unctioning. Evidence from preclinical, clinical, and human lab-
ratory studies indicate that OT is involved in social behavioral
nd cognitive domains, including attachment and pair bonding in
aboratory animals, as well as social affiliation, parental care behav-
ors, socioemotional processing, social reward, and generosity in
umans (Carter et al., 2008; Donaldson and Young, 2008; Feldman
t al., 2010; Insel and Young, 2001; Macdonald and Macdonald,
010). It is important to note that evidence concerning the role
f OT in some social domains in humans remains mixed. While
ome studies show a relationship between OT and trust (Heinrichs
t al., 2009), others do not (Christensen et al., 2014). Nevertheless,
here is mounting evidence that OT functioning is involved in sev-
ral psychiatric disorders that have social dysfunction including
utism spectrum disorders (ASD), depression, anxiety, drug abuse,
nd schizophrenia (Burkett and Young, 2012; Francis et al., 2014;
cGregor and Bowen, 2012; McQuaid et al., 2014; Souza et al.,

010a; Souza et al., 2010b; Teltsh et al., 2012; Weisman et al., 2013).
ontinued examination of OT will be required to understand its
eurobiological role in modulating both typical and atypical social
ehaviors.

Given the challenges, risk, and invasiveness of measuring OT
n cerebrospinal fluid (csfOT), many experimental and observa-
ional studies measure peripheral levels of the hormone as a proxy
or central hypothalamic release. The relationship between cen-
ral and peripheral OT levels is complex. Studies comparing basal
sfOT and plasma OT (pOT) levels have yielded mixed results: i.e.,
oth positive correlations (Carson et al., 2015) and no correlation
Kagerbauer et al., 2013). Studies utilizing exogenous OT admin-
stration have shown increases in both central and peripheral OT
evels, in animals and humans (i.e. intranasal OT or intravenous OT;
al Monte et al., 2014; Freeman et al., 2016; Striepens et al., 2013),
ith some correspondence observed between central and periph-

ral OT levels in non-human primates and rats (Dal Monte et al.,
014; Freeman et al., 2016; Neumann et al., 2013), but no corre-

ation between pOT and csfOT levels in humans (Striepens et al.,
013). Nevertheless, pOT levels have been found to be positively
ssociated with several behavioral outcomes, including less anxiety
n children (Carson et al., 2015), and parents’ positive communi-
ation and social engagement with their children (Feldman et al.,
011), suggesting that this peripheral measure may  be an indicator
f OT functioning in the brain.

Another method to determine peripheral levels of OT is to mea-
ure urine OT (uOT). This is a simple method and can be calibrated
or fluid intake/excretion variability. Urine OT may  not replace

easuring OT levels in CSF or plasma, but it is a non-invasive
pproach for studying OT and its relationship with behaviors.
esearchers have reported associations between social outcomes
nd uOT (Feldman et al., 2011; Saito et al., 2014; Seltzer et al., 2010).
owever, while there are associations between social outcomes
nd pOT and uOT levels (Carter et al., 2007; Feldman et al., 2011;
arker et al., 2014; Seltzer et al., 2010), there is ongoing controversy
bout the relative value of each method. Although some researchers
uggest that pOT sampling remains the method of choice for mea-
uring peripheral OT levels (Hoffman et al., 2012), there remains
imited data directly comparing pOT with uOT levels. Some corre-
ational evidence suggests correspondence between pOT and uOT

Hoffman et al., 2012), while other studies have reported a lack of
orrespondence between the two measures (Feldman et al., 2011).
ome of these discrepancies may  be related to differences in time
ourse and steady-state in different body fluids, which have varying
ocrinology 74 (2016) 92–100 93

volume distributions and clearance processes. Behavioral effects of
OT and other neuropeptides often correlate with CSF changes mea-
sured 10–120 min  after intranasal administration (Born et al., 2002;
Striepens et al., 2013). OT changes in blood and plasma occur on the
time course of minutes whereas changes in urine occur over hours
(Fig. 1).

Non-invasive methods of measuring peripheral OT levels − such
as urine assay − will move the field forward, as research into the
role of OT in social behavior continues to increase. This is especially
important in studies with children or in disorders where repeated
blood draws for non-essential measures are challenging. Therefore,
to further understand the relationship between pOT (invasive) and
uOT (non-invasive) levels we analyzed data from two studies where
we collected both urine and plasma before and after adminis-
tration of MDMA  (±3,4-methylenedioxymethamphetamine), INOT
(intranasal oxytocin), and/or placebo. Our laboratory and others
have demonstrated that MDMA  dose-dependently increases acute
pOT levels (Dumont et al., 2009; Hysek et al., 2012; Hysek et al.,
2014; Kirkpatrick et al., 2014a; Schmid et al., 2014), and pOT  lev-
els increase following INOT to a lesser degree (Gossen et al., 2012;
Striepens et al., 2013). Here, Study 1 extends upon our previ-
ously published study, which examined MDMA-  and INOT-induced
changes in both pOT levels and self-reported feelings of sociability
(Kirkpatrick et al., 2014a). Study 2 introduces data collected from
individuals with ASD during an INOT single-dose versus placebo
challenge.

These studies not only provide an opportunity to further eval-
uate the association between pOT and uOT levels, but also provide
a chance to examine the relationship between pOT and uOT levels
in both healthy (Study 1) and clinical (Study 2) populations. Over-
all, this could provide information to a growing set of researchers
interested in the influence of OT on normal social behavior and
behavioral disruptions associated with a number of disorders.
While there have been studies comparing baseline pOT and uOT lev-
els (Feldman et al., 2011; Hoffman et al., 2012), to our knowledge
there have been no published reports comparing the two  assays
following administration of either MDMA  or INOT. We  predicted
that uOT and pOT levels would increase after the administration of
MDMA  (Study 1) and INOT (Studies 1 and 2). We further predicted
that levels of uOT would be positively correlated with pOT levels
under the drug conditions.

2. Materials and methods

2.1. Study 1: MDMA- and INOT-related effects in healthy adult
participants

2.1.1. Participants
Healthy adults with past MDMA  experience were recruited via

community billboard advertisement and then completed an in-
person psychiatric evaluation and medical examination, including
an electrocardiogram and physical examination. Exclusion criteria
included any significant cardiovascular, neurological, or major psy-
chiatric illness including all Axis I disorders that might increase risk
for an MDMA-related adverse event (Kirkpatrick et al., 2014b), or if
they smoked more than 10 tobacco cigarettes per day, to reduce
the likelihood of acute tobacco withdrawal-related mood alter-
ations (Hughes and Hatsukami, 1986). Female participants (N = 2)
did not use hormonal contraceptives and were tested only dur-
ing the follicular phase (days 2–14: White et al., 2002). Participants
provided written informed consent prior to participation. The study

was approved by the Institutional Review Board (IRB) at the Univer-
sity of Chicago in accordance with the Code of Federal Regulations
(adopted by the National Institutes of Health and the Office for
Protection from Research Risks of the US Federal Government).
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ig. 1. Timescales captured by different types of biosamples. Figure depicting the di
nestis, 2010). As displayed in the figure, blood and CSF reflect changes on the orde

In total, 14 participants (2 female, 12 male) completed the study.
 total of 10 participants (2 female, 8 male) provided valid urine and
lasma samples during the MDMA  session, and a total of 8 partic-

pants (2 female, 6 male) provided valid samples during the INOT
ession. These 10 participants were 25.8 ± 4.3 (mean ± SD) years
ld, had a BMI  of 24.1 ± 2.7, and had completed 14.4 ± 1.6 years
f formal education. They had used MDMA  a mean of 13.1 ± 12.0
imes (range 4–40 lifetime). Seven participants currently drank
affeinated beverages (1–3 cups/day), five smoked tobacco (1–12
igarettes/month), nine drank alcohol (2–7 drinks/week), and six
urrently smoked marijuana (1–18 days/month). None of these
easures differed between the entire sample and the analyzed

ubsample.

.1.2. Design
The current analysis is part of a larger previously published 4-

ession, within-subjects, placebo-controlled, double-dummy study
Kirkpatrick et al., 2014a), during which participants ingested a
apsule that contained either MDMA  or placebo and then received

 nasal spray that contained either INOT or placebo (i.e., saline).
here were four randomized drug conditions (i.e., one for each
ession): two MDMA  conditions (0.75 and 1.5 mg/kg), one INOT
40 IU), and one placebo. For the purposes of the current analy-
is, we are presenting a subset of data from the two sessions during
hich participants received either oral 1.5 mg/kg MDMA or 40 IU

NOT. Urine samples for uOT analysis were collected once at the
eginning of the session (i.e., before drug administration, baseline)
nd once at the end of the session (i.e., 4 h after drug adminis-
ration). Blood samples for pOT analysis were collected, through
n indwelling catheter, before and at several time points for 4 h
fter drug administration. Additionally, participants’ mood states
nd cardiovascular measures were monitored regularly. Plasma OT
evels, subjective effects, and cardiovascular measures have been
resented previously (Kirkpatrick et al., 2014a). Participants were
ompensated monetarily and debriefed following the study.

.1.3. Drugs
MDMA  powder (1.5 mg/kg), manufactured and provided by Dr.

avid Nichols of Purdue University, was encapsulated in 00 opaque
apsules with lactose filler by The University of Chicago Hospitals
nvestigational pharmacy. This MDMA  dose was selected based on
ur previous studies indicating that MDMA  reliably increases pos-

tive mood and alters emotional processing at these doses (Bedi
t al., 2009; Bedi et al., 2010). INOT (40 IU) was prepared within
4 h of use. Four doses of Pitocin (OT Injection USB; Monarch Phar-
aceuticals; concentration: 10 IU Pitocin/1 mL)  were transferred
nto two, 3 mL  intranasal atomizers (MAD300 by LMA  Inc., San
iego, CA). The INOT dose was chosen based on previous studies
tilizing intranasally administered OT and the structurally similar
europeptide, vasopressin (AVP; Bos et al., 2012; MacDonald et al.,
t timescales captured by various types of biosamples including urine (adapted from
inutes to hours (Born et al., 2002; Striepens et al., 2013).

2011). Placebo nasal sprays consisted of Ocean Spray Nasal Solution
(Valeant Pharmaceuticals, Bridgewater, NJ). Again, note that in the
current analysis, uOT and pOT data from the placebo condition are
not presented. Nasal sprays were administered by trained person-
nel in four doses to each nostril over the course of 15 min. During
the administration, participants sat comfortably in a reclined posi-
tion, with their heads tilted back to maximize absorption. Having
used a within-subject design, all OT level comparisons in this paper
are done with each participant’s baseline levels prior to MDMA  or
INOT administration.

2.1.4. Procedure
Sessions were conducted between 0900 h and 1330 h in order

to minimize any diurnal variation in basal hormonal measures
(Broadbear et al., 1999). Note that there is limited human data
about diurnal changes in pOT or csfOT and level patterns vary in
animal studies, but timing here was optimized given that cortisol
and other hormones can influence OT (Broadbear et al., 1999; Jacob
et al., 2011). Upon arrival to the laboratory participants provided
breath samples to confirm abstinence from alcohol (as measured
by an Alco-Sensor III Breathalyzer, Intoximeters Inc., St Louis, MO).
Then participants provided a urine sample (completely voiding
their bladder) to be used for baseline OT assay. Additionally, a sepa-
rated aliquot from this initial urine sample was tested for pregnancy
in female participants, and to confirm abstinence from other drugs
(i.e., amphetamine, cocaine and opiates: Ontrak TesTstik, Roche
Diagnostic Systems Inc., Somerville, NJ). Finally, marijuana absti-
nence was confirmed by a saliva test (Oratect, Branan Medical Corp.,
Irvine, CA). Note that participants were told to consume their nor-
mal  amount of caffeine prior to the session in order to minimize
the potential effects of caffeine withdrawal.

An intravenous catheter was  inserted into the participant’s non-
dominant arm for blood sampling. At 0920 h, a baseline blood
sample was  obtained, and participants completed self-report mood
and drug effects questionnaires. At 0930 h, participants ingested
capsules containing either 1.5 mg/kg MDMA or placebo and at
1000 h they received an intranasal spray containing either 40 IU
INOT or saline. Blood samples were obtained at 1030, 1100, 1130,
and 1330 h. These times correspond to 60, 90, 120, and 240 min
after the 0930 h capsule administration; and 30, 60, 90, and 210 min
following the start of the 1000 h nasal spray administration. Tim-
ing of blood samples were selected to correspond to a previous
study conducted in our lab showing that acute MDMA  subjective
and physiological effects peak approximately 60–90 min  post drug
administration and return to approximate baseline levels 240 min
post drug administration (Kirkpatrick et al., 2014b). In between

assessments, participants were permitted to read or watch movies
provided by the research staff. Participants were restricted to 20 oz.
water per hour. At 1330 h, the catheter was  removed and the partic-
ipant provided the second urine sample for OT assay. The afternoon
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rine collection (PM times) contained the pooled OT post drug
dministration.

.1.5. Data analysis
In order to examine the effects of MDMA  and INOT on uOT and

OT levels, data were analyzed using a repeated-measures anal-
sis of variance (ANOVA) with one within-subject factor: Time of
ssessment (pre- and post-drug administration). Preliminary anal-
ses revealed that there were no significant effects of session order
i.e., the order that participants received the different drug con-
itions) on either plasma or urine OT outcomes. Given that our
ypothesis was directional (i.e., that we would observe a posi-
ive association between uOT and pOT levels after administration
f MDMA  and INOT), we conducted one-tailed Pearson’s corre-

ational analyses to investigate this relationship. We  conducted
eparate analyses for each drug. We  calculated three summary per-
ent change from baseline variables for pOT: 1) peak response; 2)
rea-under-the-curve (AUC); and 3) the end-of-session time point
i.e., 4 h after drug administration). We  selected these three sum-

ary measures to examine whether uOT levels were potentially
elated to either peak plasma levels, plasma response over the
ourse of the entire session (AUC), and/or plasma levels measured at
he same time point as urine levels (end-of-session). We  also tested
he potential correlation between uOT and pOT levels at baseline
or each session. For all analyses and comparisons, p-values were
onsidered statistically significant at less than 0.05.

.2. Study 2: INOT-related effects in adolescents and young adults
ith ASD

.2.1. Participants
Participants in this study were returning participants originally

ecruited through the Developmental Disorders Clinic of the Uni-
ersity of Illinois at Chicago (UIC) Institute for Juvenile Research for
enetic studies. Participants were required to meet ASD or autism
riteria on the Autism Diagnostic Observation Schedule (ADOS;
ord et al., 1999; Gotham et al., 2007) and on the Autism Diag-
ostic Interview, Revised (ADI-R; Rutter et al., 2003; Risi et al.,
006). ASD diagnosis was confirmed by a clinician experienced

n ASD diagnosis in accordance with the DSM-IV-TR (American
sychiatric Association., 2000) ASD classification. Participants tak-

ng medications were required to have a stable medication routine
or at least 3 months prior to the first session visit, and remain
table throughout the study. Exclusion criteria included any signif-
cant medical history that might interfere with completing study
asks. This included, but was not limited to drug and alcohol abuse,
mpairment of renal function, evidence or history of malignancy or
ny significant hematological, endocrine, respiratory, hepatic, car-
iovascular or gastrointestinal disease. Additionally, participants
ith significant nasal pathology (atrophic rhinitis, recurrent nose

leeds, or history of hypophysectomy) were excluded (Anagnostou
t al., 2014). Our previous research in ASD has shown that average
OT levels are higher before puberty (Hammock et al., 2012), so this
tudy focused on adolescents and young adults, 17.60 ± 3.34 years
ld (N = 10). Participation in the study was voluntary. Participants
ver 18 years of age provided written informed consent. For par-
icipants under 18 years old, parents provided written informed
onsent and participants provided verbal and written assent prior
o participation. The participants received monetary compensa-
ion by mail within 2 weeks of each session visit. The study was

pproved by the IRB at the UIC in accordance with the Code of
ederal Regulations (Title 45, Part 46) adopted by the National Insti-
utes of Health and the Office for Protection from Research Risks of
he US Federal Government.
ocrinology 74 (2016) 92–100 95

2.2.2. Design
The study was  a double-blind placebo-controlled cross-over

challenge study of a single dose of INOT versus placebo. The two
sessions were separated by approximately two  weeks. At each ses-
sion, the participant received either 40 IU INOT or placebo. Urine
was collected twice during the session, once before drug admin-
istration and once after administration. Blood samples were also
collected twice, pre- and post-drug administration. To control for
the daily cycle of endogenous OT and the effects of diet, participants
were instructed to return for the second session at the same time
of day and to the best of their ability, to eat the same foods and con-
sume the same beverages. Participants were allowed to consume
water if they were thirsty during the session or needed water to
help facilitate urination.

2.2.3. Drug
The INOT (weight-adjusted dose based on 40 IU/67 kg dose, or

0.6 IU/kg/dose) formulation utilized in this study was Syntoci-
non, manufactured by Novartis (Basel, Switzerland). This dosage
was chosen based upon previous studies of INOT single tolerabil-
ity (Anagnostou et al., 2014; MacDonald et al., 2011) and chronic
dosing safety in ASD youth (Anagnostou et al., 2014). The placebo
formulation, provided by Novartis, was manufactured by Advan-
tage Pharmaceuticals Inc. (Rocklin, CA). The UIC investigational
drug pharmacy stored and prepared nasal sprays for administra-
tion during the double-blinded study sessions. At each session, the
bottle was first primed by pressing the nozzle until a full spray was
released. Then the participants were asked to sit up straight and tilt
their head back. They pointed the nozzle towards the rear and cen-
ter of their nose. The participants then exhaled, and while pressing
down on the dispenser inhaled deeply. They waited approximately
10–15 s and performed the same procedure in the other nostril.
Nostrils were alternated until full dosage was administered.

2.2.4. Procedure
After completing the consent process at the first session, pre-

administration (i.e., baseline) collection of urine and plasma began.
INOT was immediately administered after these baseline sample
collections. Blood samples were collected approximately 85 min,
and urine at approximately 120 min, after drug administration.
The collection time points were chosen to prioritize the behav-
ioral effects of INOT as observed in a study conducted by Andari
et al. (2010), and to allow participants to perform behavioral tasks
during peak csfOT periods based on significant findings published
with AVP (Born et al., 2002). Participants were asked not to urinate
until the appointed time in order to pool uOT  for full session. If par-
ticipants indicated they could not wait until the appointed time,
they were allowed to urinate and collection time was recorded. All
urine samples were collected utilizing the same protocol as Study 1
(see below). In between sample collections, participants performed
tasks measuring social information processing (including face and
expression recognition).

2.2.5. Data analysis
In order to examine the effects of INOT and placebo on uOT lev-

els, data were analyzed using a repeated-measures ANOVA with
one within-subject factor: Time of assessment (pre- and post-drug
administration). Following this analysis, we conducted one-tailed
Pearson’s correlational analyses to investigate the relationship
between INOT-induced increases in uOT and pOT levels (both cal-
culated as % change from baseline). We  also tested the potential

relationship between uOT and pOT levels at baseline for each ses-
sion. Separate analyses were conducted for each drug condition.
For all analyses and comparisons, p-values were considered statis-
tically significant at less than 0.05.
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Fig. 2. Change in urinary OT levels for each individual. Study 1 individual participant
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.3. General protocols: urine and plasma oxytocin levels

.3.1. Urine
We  chose to collect urine only twice (i.e., once at baseline and

nce at the end of the session) based on the rationale that all the
T is excreted in a pooled manner in urine (without the pulsatile
ariability), so the design was optimized to collect all the urine
rom the beginning to the collection point in the session. Partici-
ants were asked to urinate into a urine hat or cup; the sample was
hen stirred with a disposable pipette. The same plastic pipette was
sed to measure two 2 mL  and two 4 mL  aliquots. The aliquots were
nap frozen by placing the vials immediately in dry ice. The sam-
les were moved to long-term storage (−80 ◦C) shortly after snap

reezing. To measure OT levels in the urine sample, the samples
ere thawed and the OT extracted with solid phase extraction (SPE)

olumns, which purified the urine and removed possible contami-
ates (Seltzer et al., 2010). The samples were assayed with ASSAY
esign ELISA kits (Enzo Life Sciences, Ann Arbor, MI)  per kit instruc-

ions as described in Bick and Dozier (2010), Gray et al. (2007),
eltzer et al. (2010), and Wismer Fries et al. (2005). To compen-
ate for participants’ potential daily variable fluid intake, creatinine
evels were measured in each urine sample and divided into the
ormonal concentration ([OT]/[creatinine]), therefore uOT levels
re expressed as the OT to creatinine ratio (pg/mg creatinine). The
ssay procedures are described in detail in Ziegler et al. (1995).

.3.2. Plasma
After collection, 10 mL  blood samples were centrifuged in a

efrigerated 4 ◦C centrifuge (3000 rpm, for 15 min), plasma and
emaining blood products were aliquoted separately, and then
tored in a −80 ◦C freezer. Prior to assaying, samples were first puri-
ed by SPE (Yuen et al., 2014). One mL  of plasma was run through
PE (Sep-Pak Light C18 cartridges) and eluted with 1 mL  80% ace-
onitrile. Three hundred �L of ethanol was added to ensure that
he proteins were all denatured and then the sample was  dried
nd resuspended in Assay Buffer. Extracted samples were then ana-
yzed by enzyme immunoassay (EIA) using the Assay Designs EIA
it (Assay Designs, Inc., Ann Arbor, MI,  USA). This kit has been val-

dated in a range of species and across different biological media
ncluding urine (Carter et al., 2007; Feldman et al., 2011; Gray et al.,
007; Seltzer and Ziegler, 2007; Seltzer et al., 2010; Snowdon et al.,
010; Wismer Fries et al., 2005).

. Results

.1. Study 1: MDMA-  and INOT-related effects in healthy adult
articipants

.1.1. MDMA-related effects on urinary oxytocin levels and
orrelations with plasma oxytocin levels

Overall, MDMA  (1.5 mg/kg) produced a significant increase in
OT (Main effect of Time; F(1,9) = 80.5; p < 0.001; �p

2 = 0.90) and
OT levels (Main effect of Time: F(1,9) = 67.6; p < 0.001; �p

2 = 0.88);
he mean difference between pre- and post-drug administration
OT levels was 86.0 ± 9.6 pg/mg creatinine and the difference for
OT levels was 11.2 ± 1.4 pg/mL. Supplementary Fig. 1a and Fig. 2a
how that MDMA  increases both pOT and uOT levels for each indi-
idual. Fig. 3a shows that the percent change from baseline of

OT levels (% change uOT) were significantly and positively associ-
ted with percent change of AUC for pOT levels (% change AUCpOT;

 = 0.57; p = 0.042). However, percent change uOT levels were not
ignificantly associated with either end-of-session or peak pOT.
traces showing the change in urinary oxytocin (uOT) levels before and after MDMA
(2A; N = 10) and 40 IU INOT (2B; N = 8) administration. Individual participant traces
for Study 2 under placebo (2C; N = 10) and 40 IU INOT (2D; N = 10) conditions.

3.1.2. INOT-related effects on urinary oxytocin levels and
correlations with plasma oxytocin levels

INOT (40 IU) produced a significant increase in uOT (Main effect
of Time; F(1,7) = 15.0; p = 0.006; �p

2 = 0.68) and pOT levels (Main
effect of Time: F(1,7) = 6.0; p = 0.045; �p

2 = 0.46); the mean differ-
ence between pre- and post-drug administration uOT levels was
8.9 ± 2.3 pg/mg creatinine and the difference for pOT levels was
1.3 ± 0.5 pg/mL. Supplementary Fig. 1b and Fig. 2b show the indi-
vidual pOT and uOT responses to 40 IU INOT. Fig. 3b depicts the
relationship between percent change from baseline uOT and per-
cent change AUCpOT. Unlike the MDMA  session, these results were
not significantly correlated (r = 0.51; p = 0.097).

3.1.3. Correlations between baseline urinary and plasma oxytocin
levels

The correlation between pre-administration levels (i.e., base-
line) of uOT and pOT was  significant during the MDMA  session
(r = 0.56; p = 0.045). By contrast, during the INOT session there was
no significant correlation observed between pre-administration
levels of uOT and pOT (r = 0.04; p = 0.463).

3.2. Study 2: INOT-related effects in ASD patients

3.2.1. INOT-related effects on urinary oxytocin levels and
correlations with plasma oxytocin levels

In the ASD sample, INOT (40 IU) produced a significant
increase in uOT levels (Main effect of Time; F(1,9) = 12.0;
p = 0.007; �p

2 = 0.68), but not a significant increase in pOT levels
(Main effect of Time; F(1,9) = 3.1; p = 0.112). The mean differ-
ence between pre- and post-drug administration uOT levels was
38.6 ± 8.9 pg/mg creatinine and the mean difference for pOT lev-
els was  3.5 ± 2.0 pg/mL. Supplementary Fig. 1d and Fig. 2d show
individual pOT and uOT responses to 40 IU INOT. We  also noted
two apparently distinct uOT groups (Fig. 2d): low INOT responders

(pre-administration: 5.34 ± 1.05 pg/mg creatinine; change from
baseline: 14.30 ± 6.92 pg/mg creatinine) and high INOT respon-
ders (pre-administration: 10.92 ± 1.34 pg/mg creatinine; change
from baseline: 62.80 ± 16.28 pg/mg creatinine). Fig. 3d shows
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Fig. 3. Correlations between urinary and plasma OT levels. Scatterplots depicting the correlation between percent change from baseline urinary oxytocin levels (% change
u  MDM
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t ficanc
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OT)  and percent change in AUC for plasma oxytocin levels (% change AUCpOT) for
ercent change uOT and percent change from baseline plasma oxytocin levels (% ch
he  Study 1 MDMA  (p < 0.05) and Study 2 INOT (p < 0.05) conditions. * denotes signi

hat percent change uOT was significantly and positively asso-
iated with percent change from baseline pOT levels (% change
OT; r = 0.57; p = 0.021). By contrast, uOT levels were neither sig-
ificantly increased nor correlated with pOT following placebo
dministration (Fig. 2c and 3c).

.2.2. Correlations between baseline urinary and plasma oxytocin
evels

There were no significant correlations between pre-
dministration levels of uOT and pOT under placebo or INOT
onditions (placebo: r = 0.07, p = 0.420; INOT: r = 0.21, p = 0.282).

.3. Concordance correlations between urine and plasma
xytocin levels (study 1 and 2)

To determine precision, accuracy, and reproducibility between
OT and pOT measures we calculated the Lin concordance corre-

ation coefficient (�c; Lin, 1989). The Lin concordance correlation
oefficient analysis yielded a “weak” score (Study 1-XTC: �c = 0.20;
tudy 2-OT: �c = 0.03), suggesting the two assay methods are not
nterchangeable.
. Discussion

Several of our results were consistent with our hypotheses −
e observed significant increases in uOT levels after administra-
A  (3A) and INOT (3B) in typical adults. 3C and 3D depict the correlations between
 pOT) in the placebo (3C) and INOT (3D) conditions. Correlations are significant for
e.

tion of MDMA  (Study 1) and INOT (Study 1 and 2); and we  noted
significant increases in pOT levels post administration of MDMA
(Study 1) and INOT (Study 1). In agreement with the second part
of our hypothesis, percent change from baseline levels of uOT and
pOT were positively significantly correlated in two different study
populations: healthy adults (post-MDMA administration) and ASD
patients who  ranged in age from 13 to 24 years (post-INOT adminis-
tration). While our findings demonstrate correspondence between
increased uOT and pOT levels following administration of oral
MDMA  in a healthy population and INOT in an ASD sample, we did
not find evidence for correspondence between the levels of uOT
and pOT in all study conditions. Correlations between uOT and pOT
did not reach significance following administration of INOT (Study
1) and in the placebo session (Study 2). This evidence suggests that
correspondence between uOT and pOT levels may be more read-
ily observed following administration of MDMA  because it reliably
produces relatively large increases in endogenous OT  release. INOT
studies may  have more variable results given the lower level of
peripheral OT detected.

Our overall findings are consistent with previous studies show-
ing that drug-related increases in OT can be reliably ascertained
using peripheral assay measures (e.g., plasma: Dumont et al., 2009;

Hysek et al., 2012; Hysek et al., 2014; Kirkpatrick et al., 2014a;
Schmid et al., 2014). These data are also consistent with at least
one previous study showing that peripheral OT levels measured by
plasma and urine may  have overlap in the information they cap-
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ure. That is, Hoffman et al. (2012) reported a significant positive
orrelation between pOT and uOT levels in a population of female
norexia patients, however this association was only observed after
emoving data from two participants who may  or may  not have
een outliers. Further, our findings that baseline uOT and pOT lev-
ls were for the most part not associated is consistent with Feldman
t al. (2011) who reported a lack of correspondence between lev-
ls of pOT and uOT in a study of parent-infant behavioral and
ffective synchrony. This lack of correspondence between uOT and
OT is underscored by calculating the Lin concordance correlation
oefficients (�c; Lin, 1989). Our analysis yielded a “weak” score,
uggesting the two methods are not interchangeable. Given our
esults and this analysis we propose that measuring peripheral
T levels utilizing urine is an additional research tool, not a direct

eplacement method for measuring peripheral OT utilizing plasma.
Some of the inconsistency in the literature and in our current

esults may  stem from the different time scales captured by pOT
ersus uOT assays. Changes in plasma may  reflect immediate and
eal-time fluctuations in release versus blood circulation clearance,
hile urine may  measure OT that has been pooled in the blad-

er over a longer period of time after kidney clearance (see Fig. 1;
nestis 2010; Reyes et al., 2014). The differences in the timescale
ay  lead to differences in sensitivity to pulsatile variability in

lood. Compared to OT levels in urine, resting state/baseline OT
evels measured in blood plasma can be subject to relatively large
ulsatile variability (Cyranowski et al., 2008), leading to incon-
istent results when comparing single measurements. Note, we
bserved a significant correlation between pre-administration val-
es of uOT and pOT levels in only one condition (Study 1: MDMA;

 = 0.56, p = 0.045). It is possible that collecting both assay samples
t identical time points may  not result in correlated uOT and pOT
evels, because the uOT is a cumulative and “non-transient” mea-
ure. However, sampling both assays within the same study, may
etter capture change over the time period of behaviors being mea-
ured, and give a more complete timing of the interactions between
nduced OT increases and OT catabolism.

Interestingly, in Study 1 we found stronger correlations between
nd-of-session uOT and AUC pOT levels, which reflects the plasma
esponse over the entire session and may  be more analogous to
he end-of-session uOT measure. The correlations between uOT
end-of-session) and pOT (AUC) levels were similar between both
onditions (MDMA: r = 0.56; INOT: r = 0.51), but only significant for
he MDMA  condition (p = 0.042). This suggests that a relationship
etween the two biological measures might have been observed
iven a larger sample size during the INOT session. On the other
and, we did find a significant relationship during the INOT ses-
ion in Study 2, despite a similarly small sample size. It is unclear
hy we found this discrepancy in INOT results between Study 1

nd Study 2. One difference between the two studies is the number
f blood draws. In Study 2, we were not able to do more than two

ndependent blood samples. It is very difficult to perform repeated
easure blood draws in youths, especially if they have no clinical

ndication for frequent sampling. Additionally, in Study 2 post-
rug administration plasma samples were collected approximately
5 min  after drug administration. This may  have been after pOT
eaked in these participants. However, urine samples were col-

ected at 120 min  post administration and may  capture the full time
indow of peripheral OT levels including an earlier peak. In con-

rast, Study 1 collected urine was collected at 210 min  after drug
dministration. It is possible that the decreased time between pOT
nd urine OT sample collection in Study 2 may  have been more
ppropriate for detecting associations between uOT and pOT fol-

owing the relatively small and acute INOT-related change in levels.
verall these findings suggest that future studies examining the

elationship between uOT and pOT levels should take into account
otential time differences in expression of OT between urine and
ocrinology 74 (2016) 92–100

plasma assays, along with other factors that can affect release and
clearance of the hormone.

The primary focus of this paper was to compare measurement
alternatives of OT in the periphery when studying OT-related drugs,
although Study 2 highlights OT research in ASD rather than a typi-
cal or healthy population. Research involving OT has been steadily
increasing especially the number of studies investigating the role
and treatment potential of OT in disorders such as ASD, schizophre-
nia, substance dependence and anxiety. Individuals with ASD have
been reported to have lower than average blood OT  levels in com-
parison to typically developing controls matched for age (Modahl
et al., 1998; Andari et al., 2010), however, these results are not uni-
versal and can depend on sex differences and assay methodology
(Miller et al., 2013). Higher levels of oxytocin precursor- peptides
have also been reported to be expressed in early ASD develop-
ment with subsequent decrease with age (Green et al., 2001). This
complex relationship is of note, as we observed two  distinct uOT
groups: low INOT responders and high INOT responders (Fig. 3d) in
Study 2. This is consistent with previous studies indicating differ-
ences in INOT response based on individual characteristics, such as
mother-infant attachment representations and social functioning
(Bartz et al., 2010, 2011). However, this pattern was  not evident
in the pOT data for the same participants, thus it is not clear if
this group distinction in urine is a true indicator of INOT treatment
response. Responder subgroups are of interest because there are a
growing number of clinical trials with INOT in ASD and other disor-
ders. Currently, over 100 studies (from clinicaltrials.gov as of April
25, 2016) are exploring the therapeutic value of INOT and it will
be helpful to have biological as well as behavioral response mea-
sures characterized. Future studies with larger samples will have
to confirm if either uOT or pOT levels will serve as biomarkers of
any therapeutic response that is targeted.

As research in OT expands, hopefully several potential limita-
tions of our study will be addressed. The two  main limitations are
sample size and differences in study design. The sample sizes were
small, although the within-subjects design decreases between-
subject variability. Although the effect sizes for the main analyses
from these two studies are large, any results here should be consid-
ered preliminary. Large samples will be required to examine factors
that can affect OT such as, the natural variability in uOT and pOT
levels, sex differences, and age. Due to the total exclusion of female
participants (Study 2) or low number (Study 1; 2 female partici-
pants), sex differences could not be examined in these studies. In
addition, there is evidence that age affects OT levels in ASD sam-
ples and this may  be related to pubertal status (Hammock et al.,
2012). Although the age criteria for Study 2 focused on adolescents
and young adults, variability in development may  have resulted in
mixed pubertal status in the lower age range of our sample. A larger
sample with broad ranges of age, development, and pubertal sta-
tus as well as both sexes will be required to quantify the ranges of
individual and group OT differences in healthy as well as clinical
populations.

The other main limitation in our study is the difference in study
design. These two studies were designed independently, however,
both examined the relationship between uOT and pOT  levels using
identical collection and assay methodology. The design differences
cannot be overlooked when discussing variability between the
results of INOT administration in the two  studies. The primary
differences are clinical versus non-clinical participants, age, and
formulation of INOT (i.e., Pitocin in Study 1, Syntocinon in Study
2). Even though investigational drug pharmacies in Study 1 and 2
worked to optimize OT delivery at doses that were targeted, nasal

spray carrier fluid content and formulations varied.

Finally, these results point to two  main future directions.
Although there is some preclinical evidence suggesting that INOT
produces parallel increases in both the brain and peripheral plasma
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f rats (Neumann et al., 2013), it is unclear if these findings trans-
ate to humans (e.g., Striepens et al., 2013 found no correspondence
etween csfOT and pOT following INOT administration in humans,
lthough their dose and sample size was smaller than in our stud-
es). Additionally, given that uOT may  be yet another step removed
rom central OT it is not clear whether uOT concentrations accu-
ately reflect OT levels in the brain within a given time period.
uture studies should further examine the relationship between
lasma and urine, as well as saliva − another noninvasive assay
ethod that can be performed within or outside of a strict research

etting − on a larger varied sample of males and females. It is impor-
ant to note that saliva is challenging with INOT studies because
alivary fluids will pick up exogenously administered OT remain-
ng in the oropharynx and the time course for salivary clearance is
et to be determined. Another future direction is to assess the rela-
ionship between peripheral measures of OT and observable social
ehavior. Although we designed the plasma collection time points
o correspond with the behavioral effects of the administered drugs,
uture studies should explicitly examine the correspondence of
ocial behavior to several biological markers of OT.

. Conclusion

In conclusion, our present data demonstrate that administra-
ion of two drugs (MDMA  and INOT) acutely increases peripheral
T. Furthermore, these increases in uOT levels measured as changes

rom baseline were positively correlated with changes in pOT levels
fter MDMA  administration in healthy adults and INOT adminis-
ration in adolescent and young adults with ASD, although uOT
nd pOT measure did not fully overlap. INOT results in a lower
agnitude of measurable, peripheral OT and may  be influenced

y formulation of INOT, dosing, age, or diagnoses of participants.
hese data suggest that assessing uOT levels may  be an addi-
ional and useful non-invasive tool to provide insight into the
elationship between endogenous OT levels and behavior. When
ormulating hypotheses and designing experiments, variation of
iming of csfOT, pOT, and uOT changes need to be considered espe-
ially when studies are evaluating behavioral effects of OT and
eeking biomarker correlations. Future research should examine
he correspondence between levels of uOT and pOT in other clin-
cal populations, and how each assay relates to observable social
ehavior.
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