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Summary

Intranasal (IN) administration is a widely used method for examining the effect of oxytocin (OT)

on social behavior and cognition in healthy subjects and psychiatric populations. IN-OT in

humans enhances trust, emotional perception, and empathetic behavior and is under investigation

as a potential pharmacotherapy to enhance social functioning in a variety of neuropsychiatric

disorders, including autism spectrum disorders (ASD). Nonhuman primates (NHP) are an

important model for understanding the effect of OT on social cognition, its neural mechanisms,

and the development of IN-OT as a pharmacotherapy for treating social deficits in humans.

However, nonhuman primates and even some human populations, such as very young infants and

children, cannot easily follow the detailed self-administration protocol used in the majority of

human IN-OT studies. Therefore, we evaluated the efficacy of several OT-administration routes

for elevating central OT concentrations in rhesus macaques. First, we examined the effect of IN

and intravenous (IV) routes of OT administration on concentrations of OT and vasopressin (AVP)

in plasma and lumbar CSF. Second, we examined these same measures in monkeys after an

aerosolized (AE) OT delivery route. All three administration routes significantly increased plasma

OT concentrations, but only the AE-OT route significantly increased concentrations of CSF OT.

No route affected concentrations of AVP in plasma or CSF. This study confirms that the AE route

is the most effective method for increasing central OT concentrations in monkeys, and may also

be an effective route, alternative to IN, for administering OT to some human populations.
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Introduction

The neuropeptide oxytocin (OT) has been shown to modulate social cognition and social

behavior in a wide range of mammalian species, including humans. For example, in animals

OT enhances social information processing, social recognition, maternal care, and social

attachment through actions on central OT receptors (Ross and Young, 2009). Because of its

enhancing effect on prosocial behavior and social cognition, research on the potential for

OT’s use as a pharmacotherapy to treat the social deficits associated with a number of

psychiatric disorders, most notably autism, has dramatically increased (Young and

Flanagan-Cato, 2012). However, OT is a large peptide molecule and resultantly fails to cross

the blood brain barrier efficiently. In fact, peripheral administration of OT results in the

entry of less than 1% of the exogenous neuropeptide into brain areas protected by the blood-

brain barrier (BBB; Ermisch et al., 1985). This impermeability of the BBB endogenously

allows for independent regulation of central and peripheral neuropeptide concentrations,

resulting in its discrete behavioral and physiological functions (Landgraf and Neumann,

2004). In the periphery, for example, OT is essential for regulating a variety of female

reproductive functions including uterine contraction during labor and milk stimulation

during nursing, but it is thought that it is its central function in the brain that leads to the

reported prosocial effects (Churchland and Winkielman, 2011). Thus, the failure of

peripheral OT to readily penetrate the BBB has necessitated the development of alternative

methods to effectively administer OT to the brain and further characterize its prosocial

behavioral effects.

One such method involves a nasal administration of peptides, which is presumed to enable

these compounds to pass across the BBB at the level of the nasal epithelium. It is

hypothesized that the rapid turnover of cells in the nasal epithelium leads to the loosening of

tight junctions facilitating the transport of large molecules into the lamina propria (Altner

and Altner-Kolnberger, 1974). Once in the lamina propria the molecules can either be

absorbed into blood vessels and enter peripheral circulation or diffuse into perineural or

perivascular spaces and gain access to the CNS (Lochhead and Thorne, 2011). In 2002, Born

and colleagues reported that an intranasally sprayed administration of arginine vasopressin

(AVP), a peptide that is structurally-related to oxytocin, effectively elevated levels of AVP

in the CSF of humans (Born et al., 2002). Based on these encouraging findings, researchers

have now almost exclusively adopted the intranasal (IN) spray administration method to

examine the effects of OT on human social cognition (Guastella and MacLeod, 2012). These

studies report numerous effects of IN-OT on human social cognition, including enhanced

eye gaze, increased trust, better recognition of facial emotions, improved face memory, and

empathy (Domes et al., 2010; Guastella and MacLeod, 2012; Guastella et al., 2008; Kosfeld

et al., 2005; Rimmel et al., 2009; Savaskan et al., 2008). Moreover, several independent

studies have now demonstrated the ability of IN-OT to enhance social congition in ASD

(Anagnostou et al., 2012; Andari et al., 2010; Bartz and Hollander, 2008; Guastella et al.,
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2010; Tachibana et al., 2013). Given the promising therapeutic potential of IN-OT, and other

drugs that target the oxytocinergic system, in promoting social functioning (Modi and

Young, 2012), it is critical to develop a clear understanding of mechanisms by which OT

influences social cognition including its site of action.

Preliminary evidence in humans supports the assertion that IN administration provides some

access to the central compartment. Nasal delivery of several peptides in humans, including

insulin, α-melanocyte stimulating hormone, and AVP results in their increased

concentrations in cerebrospinal fluid (CSF) over baseline levels (Born et al., 2002).

Similarly, CSF OT concentrations are higher in humans who received IN-OT spray

compared to those who received a placebo/saline treatment (Striepens et al., 2013). A more

thorough characterization of the pharmacokinetic/pharmacodynamic profile of OT after

intranasal administration, though, is limited due to the invasiveness of measuring central

peptide concentrations in humans. Nor would humans be ideally suited for further

mechanistic studies using novel primate selective OT agonists/antagonists, microdialysis or

in vivo electrophysiology to investigate the role of the oxytocinergic system in modulating

social cognition. Animal models are critically needed to more fully understand the precise

neural mechanisms by which OT modulates social cognition and behavior, for developing

appropriate profiles of therapeutic doses, and exploring the effects of repeated

administration on social behavior and brain function over longer time scales. Additionally,

neither animals, such as nonhuman primates, nor some populations of humans, such as

young children and infants, are able to conform to the detailed self-administration protocol

used in the majority of human IN-OT studies.

Both rodents and nonhuman primates have been employed to assess the efficacy of IN

administration in permeating the BBB and the behavioral consequences. In rat, nasally

administered OT has been shown to increase extracellular concentrations of OT in limbic

brain regions using microdialysis (Neumann et al., 2013). Non-human primates, however,

present several advantages over rodent models for evaluating the efficacy of administration

routes with humans, including similar nasal architecture, greater homology in the OT

receptor system, and more complex social behavioral repertoires (Donaldson and Young,

2008; Harkema, 1990; Klein et al., 2009). Moreover, the neuroanatomical distribution of OT

receptors in rhesus macaques and the coppery titi monkey have recently been described,

providing insights into the neural mechanisms of OT action in the brain in these NHP model

organisms (Freeman et al, submitted; Freeman et al, submitted). Here, we performed two

separate studies to evaluate the efficacy of several administration routes for delivering OT to

the central nervous system in rhesus monkeys. The first study compared the two primary

routes utilized in the majority of human studies, intranasal spray (IN) and intravenous (IV)

injection. Six rhesus monkeys were administered OT using these two methods under

anesthesia and the resulting concentrations of OT and AVP in plasma and lumbar

cerebrospinal fluid (CSF) were measured. Since OT in the hypothalamus can modulate

central AVP release, AVP concentrations were also measured as an indicator of potential

feed-forward modulation of the neurohypophyseal system (Neumann et al., 2006).

In the second study, a passive administration route using aerosolized OT (AE) was

evaluated. This route has been shown to elicit effects on social behavior and perception in
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monkeys in three separate studies (Chang et al., 2013; Ebitz et al., 2013; Parr et al., 2013).

Chang and colleagues (2013) were the first to show preliminary evidence that the AE route

could be effective in elevating central concentrations of OT in two rhesus monkeys. The

results of the present study will be extremely important not only in identifying effective

administration routes for delivering OT to nonhuman primates, but also in establishing some

alternative routes for administering OT to human populations, such as infants and children,

or some psychiatric populations who may, like monkeys, be unable to easily follow the

detailed self-administration protocols used in the majority of IN-OT studies in adults. This

study also represents the first detailed report of the impact of IN, IV and AE-OT

administration on both plasma and CSF concentrations of OT and AVP in primates.

Methods

Subjects and OT Administration

All OT administration and cerebrospinal fluid/blood collection procedures were performed

in adult male rhesus monkeys (Macaca mulatta; 9–14kg) that were anesthetized via

ketamine induction (5–10 mg/kg) and then maintained with intravenous propofol (10 mg/kg/

min) under veterinary supervision. An intravenous anesthetic was used, despite its greater

effect on the cerebrovasculature, to facilitate normal respiration during nasal drug

administration. No other respiratory interventions were undertaken to allow for the

persistence of normal breathing patterns. After a sufficient depth of anesthesia was achieved,

baseline blood and CSF samples were collected. Animals were then dosed with the synthetic

OT analogue, Syntocinon (Novartis, Basel, Switzerland), or its placebo (Novartis) using one

of three administration routes, described below. Within each experiment, the order of

treatment condition was counterbalanced across subjects. Within-subject treatment sessions

were separated by a six-week period to maximize recovery of CSF levels, and minimize

stress on the individual subjects.

Experiment 1: IN spray and IV-OT Administration—A single cohort of animals was

used for Syntocinon (OT) and placebo (X) treatments via both IN spray (IN-OT) and IV

injection (IV-OT) routes, resulting in a within-subject experimental design. For IN-OT

administration, each animal (N=6) was positioned in an inclined upright position, and 3 100

μl sprays of Syntocinon were delivered directly into each nostril using the Novartis nasal

actuator to achieve a dose of 24 IU of Syntocinon (0.6 ml), or an equivalent volume of

placebo in an identical delivery device, consistent with most human studies. If substantial

amounts of the treatment were observed to run out of the nostril, the actuator was adjusted

an additional squirt was administered. For IV administration, the same 6 subjects received a

bolus 1.2ml injection of 48 IU of Syntocinon or an equivalent volume of placebo into an

indwelling venous catheter.

Experiment 2: AE-OT Administration—At the time of this second experiment, which

took place approximately six months after the conclusion of the first experiment, the original

6 monkeys were no longer available, so the AE-OT treatment was performed on a separate

group of 8 adult male rhesus monkeys using a between-subjects design (N=4 Syntocinon;

N=4 placebo). The AE-OT study in Experiment 2 was undertaken in response to the results
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of Experiment one, in which we were unable to detect increases in CSF OT concentrations

following IN- and IV-OT delivery (see Results below), and to extend the preliminary results

reported by Chang and colleagues (2013). This was achieved by measuring OT CSF in a

larger sample size and including a within-subject baseline measurement by which AE-OT

induced changes in CSF OT could be more accurately assessed. A between-subjects design

was used to maximize the samples that could be collected from the subjects, while

minimizing the total length of the experiment given the physiological constraints of repeated

CSF collection. To facilitate aerosolized administration, 24 IU of Syntocinon, or an

equivalent volume of placebo, was diluted into sterile saline to a final volume of 2ml. The

subjects were then positioned in a lateral recumbent posture to facilitate normal breathing

during aerosolized administration. The aerosolized OT was administered via an oro-nasal

aerosol mask attached to a nebulizer (PARI Respiratory Equipment, Richmond, VA). The

nebulizer aerosolized saline at a rate of 0.5 ml/min, therefore 4 minutes of breathing were

required to deliver the 2-ml dose volume.

Sample Collection

Serial CSF samples were collected within each subject from the lumbar region at baseline

(prior to drug administration) and then 60 and 120 min after administration. CSF samples

were collected by passive drip through a 22 G needle inserted into the lumbar subarachnoid

space for each sample. Any sample with a pink tinge (indicating the presence of red blood

cells) was discarded. Three attempts to obtain a clean sample were made for each time point,

if a clean sample could not be obtained, that time sample was not collected during that

session and the treatment was re-administered at a later date (with at least six weeks

intervening) to obtain any missed samples for each subject. Plasma samples were collected

at baseline and then 60 and 120 min after IN-OT administration and at 5, 15, 60 and 120

minutes after IV and AE-OT administration. Plasma samples were collected through

independent venipuncture of the femoral vein for each sample. Time points were chosen to

maximize the likelihood of identifying a potential OT peak within the ethical considerations

limiting the collection of serial CSF samples (Born et al., 2002). The additional 5 and 15

minute plasma sampling time points after IV administration were included to capture any

rapid changes in OT concentrations due to the short half-life of OT in the blood stream.

Each blood sample was 3ml and each CSF sample was 300μl in volume. Blood was

collected into two 2 ml Eppendorf tubes containing 10mg of EDTA and stored on ice until

the end of the session to prevent coagulation and limit protease activity. CSF was placed

immediately on dry ice after collection. At the conclusion of each session, the blood samples

were spun at 3000 rpm at 4°C for 15 minutes after which the plasma fraction was collected.

All samples were stored at −80°C until analysis. All procedures were approved by the

Institutional Animal Care and Use Committee of Emory University and were in compliance

with regulations governing the ethical treatment of animals.

Radioimmunoassay

All concomitantly collected plasma and CSF samples to be compared directly were treated

identically, i.e. transported, extracted and assayed in the same batch at the same time. In

brief, samples were extracted using a heat activated (700°C for 3 hrs.) LiChroprep Si60

(Merck, Whitehouse Station, NJ). The lyophilized extract was then divided to assay both
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neuropeptides from the same sample. Both the OT and AVP radioimmunoassays

(RIAgnosis, Munich, Germany) are highly sensitive and specific and were strictly

standardized and validated in many rodent and human studies using a wide variety of stimuli

(hypertonicity, parturition, lactation, stress, etc.) to reliably detect bioavailable

neuropeptides in both the central (microdialysates, CSF) and peripheral (plasma)

compartments (Landgraf, 1985; Neumann et al., 1993; Neumann and Landgraf, 2012).

Samples were incubated with anti-OT and anti-AVP antibodies (raised in rabbits) and 125I-

labeled neuropeptide tracers (after a one hour pre-incubation period; PerkinElmer, Salem,

MA) for three days at 4°C as previously described (Neumann et al., 2013). Assay

sensitivities are in the 0.1–0.5pg/sample range, cross-reactivity with related peptides and

degraded fragments is <0.7% and intra- and inter-assay variability is <10%. Data are

presented as pg/ml in most cases. Unfortunately the plasma samples for the AE-OT group

thawed, resulting in a shift towards lower OT values for the plasma samples, which contain

high levels of peptidases unlike the CSF samples.

Statistical Analysis

The OT and AVP concentrations sampled from the intranasal spray (IN-OT) and the

intravenous (IV-OT) conditions (Experiment 1) were compared in a 2-way repeated

measures ANOVA with time point (0, 60 and 120 minutes or 0, 5 15, 60, 120 minutes) and

drug condition (OT vs. placebo) as within-subject factors. Separate analyses were performed

on the plasma and CSF samples. Significant effects were followed up by a post-hoc

comparison using Bonferroni correction procedure. Peptide levels from the intranasal

aerosolized (AE-OT) condition (Experiment 2) were compared independently using a 2-way

mixed model ANOVA with time point (0, 60 and 120 minutes) as the repeated factor and

drug condition (OT and placebo) as a between-subject factor. Significant effects of time

were followed up with a post hoc comparison using Bonferroni correction procedure,

adjusting alpha levels based on the number of comparisons.

Results

Experiment 1

Effect of Intravenous OT Administration on Central and Peripheral OT Levels
—IV-OT resulted in a significant, 1,000-fold increase in plasma OT after 5 min which was

rapidly cleared, but nonetheless remained significantly elevated over the placebo condition

for the full 120 minute sampling session (Figure 1b). Specifically, a 2-way repeated measure

ANOVA revealed a significant main effect of treatment [F(1,5)=2, p<0.001] and time

[F(4,20)=53.079, p<0.001] and a significant interaction between these variables

[F(4,20)=52.957, p<0.001]. A post-hoc analysis Student’s T-test with a Bonferroni

correction revealed an elevation in plasma level over baseline at 5 (IV-X vs. IV-OT,

p=0.0006), 15 (IV-X vs. IV-OT, p=0.0002), 60 (IV-X vs. IV-OT, p=0.006) and 120 (IV-X

vs. IV-OT, p=0.0008) minutes after administration IV-OT. had no impact on lumbar CSF

concentrations across treatment [F(1,5)=0.387, p=0.561] or time [F(2,10)=0.663, p=0.537]

conditions and there was no significant interaction [F(2,4)=0.408, p=0.69] (Figure 1a).
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Effect of Intranasal Spray OT Administration on Central and Peripheral OT
Levels—IN-OT administration significantly increased plasma levels of OT but not CSF

levels of OT compared to placebo administration (Figure 1c–d). OT levels in the plasma

were elevated 100-fold over baseline for 120 minutes after IN-OT administration. In a 2-

way repeated measures ANOVA of plasma levels, there was a significant main effect of

treatment condition on plasma OT levels after IN-OT compared to placebo administration

[F(1,5)=10.072, p=0.005], but not time [F(2,4)=2.182, p=0.229]. There was a near

significant interaction between treatment condition and time [F(2,4)=4.995, p=0.08]. A post

hoc Student’s T-test with a Bonferroni correction showed all post OT administration times

points to be elevated above placebo treatment (60 min p=0.004; 120 min p=0.01). No

significant effect of either treatment [F(1,5)=0.248, p=0.64] or time [F(2,10)=0.997,

p=0.403] or interaction [F(2,4)=0.777, p=0.519] was detected in a repeated measure 2-way

ANOVA of OT CSF levels.

Effect of IN and IV OT Administration on Central and Peripheral Vasopressin
Levels—Neither treatment nor route of administration had a significant effect on either

CSF or plasma levels of AVP (Figure 2a–f). A 2-way repeated measures ANOVA

comparing AVP levels in CSF revealed no significant main effect of treatment or time with

IV administration [F(1,2)=0.033, p=0.872; F(2,4)=0.036, p=0.966, respectively] or IN

administration [F(1,5)=1.56, p=0.267; [F(2,10)=0.979, p=0.451], respectively]. Likewise,

there was no significant change in plasma AVP levels relative to treatment or time with IV

administration [F(1,5)=2.11, p=0.206; F(4,20)=0.726, p=0.649, respectively] or IN

administration [F(1,5)=0.44, p=0.536; F(2,10)=1.953, p=0.256, respectively].

Experiment 2

Effect of Aerosolized Intranasal OT Administration on Central and Peripheral
OT Levels—AE-OT significantly increased OT concentrations in the lumbar CSF of

rhesus monkeys compared to pretreatment baseline or placebo (Figure 1e). A 2-way mixed

model ANOVA revealed a significant main effect of the repeated measure of time

[F(2,5)=31.965, p=0.001] and a near significant interaction between time and treatment

condition [F(2,5)=5.355, p=0.057] for CSF OT concentrations. A Student’s T-test with a

Bonferroni correction post hoc analysis revealed that in the AE-OT group, CSF OT was

significantly elevated over baseline concentrations at the 60 minute time point (p<0.001),

while no time points were elevated over baseline in the placebo condition (0 vs. 60 minute

p= 0.28 and 0 vs. 120 minute p=0.66). This is in contrast to IN-OT experiment in which no

post-hoc comparison showed a significant increase over baseline (Student’s T-test; IN-OT 0

vs. 60 minute p=0.27 and 0 vs. 120 minute p=0.97; IN-X 0 vs. 60 minute p=0.54 and 0 vs.

120 minute p=0.33).

AE-OT resulted in significant increases in plasma OT levels over baseline for two hours

after administration (Figure 1f). In the AE-OT condition, there was a significant main effect

of time [F(2,10)=19.212, p=0.05] and a significant interaction between time and treatment

condition [F(2,10)=28.291, p=0.034]. A post-hoc comparison revealed that in the AE-OT

treatment condition, OT levels were elevated in the plasma at 5, 15, 60 and 120 (p=0.046;

p=0.026; p=0.026; p=0.019 respectively) minutes after administration relative to baseline,
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however this increase did not survive a Bonferroni correction. It should be noted that the

plasma samples from this experiment thawed, and the absolute values for OT in these

samples were significantly lower than for the other groups. Nevertheless, OT remained

elevated in the AE-OT compared to placebo plasma samples, which were all handled in a

uniformed fashion.

Effect of AE OT Administration on Central and Peripheral Vasopressin Levels
—Similarly, there was no effect of time on AVP levels under the AE condition in a two-way

mixed model ANOVA (time within subjects and treatment between subjects) in CSF

[F(2,12)=2.589, p=0.169] or plasma [F(4,20)=3.266 p=0.248], although for several time

points AVP concentrations appeared lower in the AE-OT group compared to placebo. Post

hoc comparisons indicated that AVP in plasma was significantly higher after vehicle

administration at 15 (p=0.03) minutes and 60 (p=0.03) minutes relative to OT

administration, which may indicate an inhibition of vasopressinergic activity by OT. These

findings suggest that an increase in CSF OT may alter other neuropeptide systems, whereas

peripheral elevation does not (Freund-Mercier and Stoeckel, 1995; Neumann et al., 1994).

Discussion

Our results confirm that aerosolized (AE-OT) OT, but not IN or IV-OT, significantly

increased OT concentrations measured from the CSF of anesthetized rhesus monkeys. After

AE-OT administration, CSF OT concentration were elevated 2–3 times over baseline levels,

which confirms the level of increase seen in a previous study (Chang et al., 2011) after a

similar aerosolized administration procedure. The corroboration of these independent

assessments confirms the simple conclusion that some routes of nasal delivery facilitate an

increase in CSF OT in rhesus monkeys, while other methods do not. Neither IN nor IV-OT

administration produced increases in central OT or AVP levels. The IV-OT route could have

increased central levels of OT through a low rate of passive diffusion (~1%) of peptide from

the plasma to the CSF. However, despite a greater than ten thousand fold increase in plasma

OT levels 5 minutes after IV-administration, there was no accompanying increase CSF OT

predicted by passive diffusion. Likely, this is due to the extremely short half-life,

approximately 2 minutes, of OT in the blood (Mens et al., 1983). One may speculate that

prolonged, dramatic elevations of peripheral OT levels, through passive diffusion, may have

been necessary to achieve the behavioral effects seen in some studies (Hollander et al.,

2003; 2007), although it is unknown the mechanism by which these effects could have been

achieved. In our study, the plasma levels of OT fell to a thousand fold increase after 15

minutes and then a hundred fold increase after 60 minutes, indicating rapid degradation of

the peripherally injected peptide.

In contrast, based on the findings from human studies, the IN spray administration route was

hypothesized to elevate levels of CSF OT based on its ability to access to the central

compartment relative to other administration routes. However, similar to our findings from

the IV route, this method also failed to produce significantly elevated levels of OT in the

CSF of rhesus monkeys. The privileged access of the intranasal method is presumed to result

from direct connections between the environment and the central nervous system (CNS)

afforded by the nasal mucosa (Guastella et al., 2013). However, the mechanism and efficacy
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of penetration from the nose to either the CSF or the extracellular fluid (ECF) is dependent

on the distribution of the compound along the nasal epithelium. We speculate that the

discordance in effect on CSF OT concentrations between the two routes of nasal OT

administration, AE and IN, suggests the two methods of application may have different

dynamics within the nasal passage of rhesus monkeys and humans. Optimal penetration of

the CNS via neuronal pathways requires targeting of the drug to the upper third of nasal

cavity in the olfactory region. In human IN-OT studies, this specificity is maximized by

providing the participants with detailed instructions for self-administering the IN-spray,

which includes holding one nostril closed while deeply ‘sniffing’ as they pump the required

number of sprays into the other nostril (Dhuria et al., 2009; Guastella et al., 2013; Lochhead

and Thorne, 2011; Striepens et al., 2013). Using these methods, a recent study reported

elevated CSF OT levels in humans (Striepens et al., 2013). In our study, several factors

could have affected the deposition pattern of droplets within the nasal epithelium of the

rhesus monkeys (compared to humans) after the IN procedure, including their head position,

the presence of hairs within the nasal cavity that would block the penetration of the spray,

and perhaps most importantly the failure of the monkeys to actively ‘sniff’ the compound at

the precise moment the spray pump is depressed. In contrast, we propose that the

aerosolized delivery method overcomes many of these limitations by increasing the

deposition of small aerosolized particles to the posterior area of the nasal cavity and

covering a broad surface of the nasal epithelium (Frank et al., 2011). Therefore, we propose

that the aerosolized administration route is an extremely effective method for increasing

central OT levels in primates. Because this is a passive method of administration that does

not require detailed self-administration protocols, it is not only an ideal, effective method for

use in nonhuman primate studies, but it would be a recommended route to administer OT to

select human populations, like young children and infants, and some psychiatric

populations, and thua this route should be evaluated further in these populations.

All three routes, IN, IV and AE, resulted in dramatic increases in plasma OT concentrations.

The increase over baseline, though, differed by several orders of magnitude between the

three different routes of administration. This difference likely reflects the degree of

penetration into the vasculature achieved by the administration routes and the increased dose

given in the IV condition to compensate for enzymatic degradation. The dramatic difference

in plasma levels between IN and IV administration is consistent with a previous study in

humans, in which a four-fold lower intramuscularly dosed OT resulted in a 10 fold higher

plasma OT concentration than nasal administration (Landgraf, 1985). The kinetics of the

decline from peak OT concentrations also differed between the administration routes.

Plasma OT after IV administration rapidly declined after dosing, however, due to the

extremely high levels of plasma OT achieved, OT concentrations are still 100 times above

baseline 120 minutes after administration. Plasma OT levels after IN administration were

maintained at a consistently elevated level throughout sampling, suggesting regulatory

mechanisms other than proteolysis potentially including differential absorption or central

control (Burri et al., 2008; Landgraf, 1985). As both nasal and peripheral routes of

administration result in a sustained increase in plasma OT concentration, one must also

consider the possibility that some of the behavioral effects of IN OT reported in human

studies are mediated by peripheral OT receptor stimulation.
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Finally, there are several important issues that should be considered in the interpretation and

implications of these findings. First, although studies of the behavioral effects of IN-OT in

humans do not necessarily implicate specific mechanisms by which OT is exerting its

effects, it is commonly presumed that they are, at least in part, centrally-mediated due to the

reported efficacy of IN administration in increasing CSF OT levels (Born et al., 2002;

Striepens et al., 2013). However, given the data reported here, it does not appear that an IN-

OT route in monkeys produces the same central penetrance as this method in humans

(Striepens et al., 2013). Therefore, these results have important implications for the

methodology to be used in future studies that aim to explore the effects of OT on primate

behavior and neurophysiology. While it may be desirable to measure these effects using

comparable methods as human studies, e.g., IN-spray administration, this method may not

achieve the similar dosing effects in monkeys as it does in humans. Second, regardless of the

method used to show elevated levels of CSF OT, IN in humans or AE in monkeys, these

results may not be achieved through BBB penetration alone. The endogenous central release

of peptides stimulated by the nasaly administered peptide cannot be ruled out. However,

based on the lack of a barrier between the extracellular fluid (ECF) and the CSF, changes in

CSF OT concentration are likely to be indicative of changes in OT concentrations in brain

and thus its bioavailability for behavioral effects. A recent study in rodents, for example,

confirmed the ability of nasally administered OT to increase OT in the ECF of limbic brain

areas while not detecting an increase is CSF OT (Neumann et al., 2013). Changes in CSF

OT levels after OT administration, therefore, may be an underestimate of the changes

occurring in the brain, as only a small portion of peptides reach the CSF by diffusion or bulk

flow (Landgraf and Neumann, 2004). Finally, human IN-OT studies often suffer from a high

degree of inter-subject variability and small effect sizes. Variability in the self-

administration procedures to deliver IN-OT have been implicated as one possible source of

this variability, leading authors to propose more standardized guidelines to be followed in

human studies (Guastella et al., 2013). Because it eliminates the need for user involvement,

the AE method may actually represent a more consistent method for dosing participants in

behavioral studies, particularly in certain populations such as young children and infants or

some psychiatric populations that may not be able to follow detailed self-administration

protocols. This could result in larger effect sizes by reducing inter-subject variability in the

administration of this peptide.
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Figure 1. Effect of AE, IN and IV OT on Central and Peripheral Oxytocin (OT) Levels
AE-OT administration resulted in significant accumulation of OT in the lumbar CSF of

rhesus monkeys, however neither IN-OT nor IV-OT resulted increases in CSF OT

concentrations compared to either baseline (Time= 0) or placebo (X), as measured in lumbar

CSF samples (a,c,e). However, IN, AE and IV routes of administration did increase plasma

levels of OT compared to placebo treatments and over the pre-administration time points

(b,d,f). Plasma concentrations of OT dramatically increased 100 fold after IN-OT

administration and 1000 fold after IV-OT administration at both the 60 and 120 minute time

points (b; inserted graph better depicts the elevated levels at later time points for the IV-OT

with a narrowed scale relative to the larger graph). Raw data points for the treatment

condition are depicted as closed circles and raw data points for the placebo condition are

depicted as open circles. Bars indicate S.E.M. * Indicates a significant difference in OT

levels in post-hoc comparisons with a probability of error <0.01. # Indicates a significant

difference in OT levels in a post-hoc comparisons with a probability error of <0.05, which

does not satisfy a Bonferroni correction. OT-Syntocinon condition; X-Placebo condition.
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Figure 2. Effect of IN and IV OT on Central and Peripheral Vasopressin (AVP) Levels
Due to the cross affinity of the OT and AVP peptides for both OT and AVP receptors in the

brain and periphery, the effect of OT on AVP levels was measured to assess for potential

feed forward activation of the AVP system. Administration of neither AE-OT, IN-OT nor

IV-OT resulted in significant measurable increases in central (a,c,e) or peripheral (b,d,f)

AVP levels compared to either baseline (Time = 0) or placebo (X), as measured in lumbar

CSF or plasma samples. Raw data points for the treatment condition are depicted as closed

circles and raw data points for the placebo condition are depicted as open circles. Bars

indicate S.E.M. * Indicates a significant difference in OT levels in post-hoc comparisons

with a probability of error <0.01. # Indicates a significant difference in OT levels in a post-

hoc comparisons with a probability error of <0.05, which does not satisfy a Bonferroni

correction. OT-Syntocinon condition; X-Placebo condition.
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