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Abstract

Intranasal delivery of oxytocin (Oxt) has been identified as a potential therapeutic to target human
conditions characterized by social deficits, yet the ability of this administrative route to deliver to
the brain is unconfirmed. Oxt knockout (Oxt KO) and wildtype C57BL/6J male mice received Oxt
(12 pg total amount) either by nasal or intraperitoneal administration. Oxt concentrations were
monitored for 2 hours after administration in circulation via a jugular vein catheter and in the brain
by two intracerebral microdialysis probes. Group sizes varied from 4 to 7 mice (n = 22 total). We
document for the first time that Oxt applied to the nasal mucosa after nasal administration is
delivered to the extracellular fluid in the brain. After nasal application, Oxt concentrations in
circulation and in the extracellular fluid of the amygdala and, to an extent, the dorsal
hippocampus, rose within the first 30 minutes and remained elevated for the subsequent hour.
These findings were confirmed in an Oxt KO mouse line, establishing that the circulating and
brain Oxt elevations derive from the administered dose. Interestingly, the pharmacokinetics of Oxt
were slightly biased to the brain after nasal administration and to the periphery following
intraperitoneal injection. No change in vasopressin levels was detected. These findings have
stimulating implications for the interpretation of various behavioral and physiological effects
described in animal and human studies after nasal administration of Oxt and provide the
pharmacokinetics necessary to develop this drug delivery route for therapeutic purposes.

"Corresponding authors: Adam S. Smith, adamsmith@ku.edu; Department of Pharmacology and Toxicology, Pharmacy School,
University of Kansas, 5064 Malott Hall, 1251 Wescoe Hall Dr., Lawrence, KS, USA, 66045 and W. Scott Young, wsy@mail.nih.gov,
phone: 1-301-496-8767; Section on Neural Gene Expression, National Institute of Mental Health, 9000 Rockville Pike, Bethesda,
MD, USA, 20892.

AUTHOR’S CONTRIBUTIONS

AS and WSY designed the experiments. AS collected and analyzed the data, wrote the main manuscript text, and prepared all figures
and tables. AK assisted with data collection. All authors reviewed and edited the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

FINANCIAL DISCLOSURES
Conflict of intrest
The authors report no conflicts of interest. The authors alone are responsible for the content and writing of the paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 2

Graphical Abstract

Keywords

WT-Nasal: Plasma WT-IP: Plasma
By *
T g 1200 T
3 3 *  Fn
g £ 800 0
2 8
g 2 wof | *
& &
Samples
KO-IP: Plasma
LI
2‘ 1500 g‘ 3000 - Eu
H F B2
2 1000 2 2000 " .
2 8
§ 500 § 1000 l * *

Oxytocin; Pharmacokinetics; Nasal administration; Central Nervous System; Cerebrospinal fluid;
Circulatory System

The hormone oxytocin (Oxt) promotes social cognition and behavior in neurotypical adult
humans and numerous mammalian species [1, 2]. Administering intranasal Oxt to healthy
adult humans affects trust [3, 4], recognition of emotional facial expressions [5, 6], social
memory [7], and pair-bonding related behaviors [8, 9]. These results led to its consideration
as a therapeutic to target human conditions characterized by deficits in social functioning,
especially autism spectrum disorder and schizophrenia [10-12]. Notably, there are currently
63 clinical trials on Oxt-related effects on the central nervous system (CNS) listed by the
ClinicalTrials.gov registry (National Institutes of Health, USA). Still, there is an open
discussion regarding the efficiency of nasal Oxt both in terms of a delivery route to the CNS
and as a therapeutic, most recently highlighted in a series of reviews and correspondences
[13-18].

One significant conundrum has been how to deliver Oxt to the brain without resorting to
invasive procedures, due to poor blood-brain barrier permeability [19] and the brief half-life
of peripherally-administered Oxt [20, 21]. Intranasal administration of Oxt has become the
primary non-invasive delivery route, from basic research to experimental clinical trials. This
“direct nose-to-brain” transport is anticipated to avoid first-pass metabolism, bypass the
blood-brain barrier, produce a fast onset of therapeutic effects, and prove valuable to treat
CNS diseases. Recently, a series of studies profiled the pharmacokinetics of Oxt after its
nasal application [22-28]. These studies all reported significant increases in plasma and
cerebrospinal fluid (CSF) Oxt levels after treatment. While the pharmacokinetics of plasma
Oxt seem to be rather consistent across these studies, peaking within the first 15-30 minutes
and persisting for 75-90 minutes, the rise in CSF Oxt occurs at shifted time points (15-30
minutes: ref. [22, 23, 28]; 60 minutes: ref. [26]; 75 minutes: ref. [24]). Further, except for
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one of these studies [22], the concentration of Oxt in the extracellular fluid (ECF) in the
brain was not measured. Without such information, it is difficult to determine the
bioavailability of Oxt throughout the brain. Key factors regarding the administration of Oxt
(e.g., amount and method) and sampling procedures (e.g., target location and time course)
may contribute to the variance observed in the pharmacokinetics, which highlights the need
to establish standards for nasal Oxt administration. Despite this new knowledge, the ultimate
question regarding the access of Oxt to the brain following nasal application remains
unanswered, as all samples measured included endogenous Oxt concentrations in addition to
the synthetic Oxt administered. It is even possible that nasal administration of Oxt could
indirectly stimulate increased endogenous Oxt release within the brain. Such information is
vital to inform the efficacy, tolerability, and safety of intranasally administered Oxt in human
populations.

Therefore, the present study was designed to focus on the pharmacokinetics of Oxt centrally
and peripherally following nasal or a systemic (e.g., intraperitoneal) administration.
Intraperitoneal administration was selected as a reference, alternate administrative route of
Oxt as many animal studies used to guide human clinical studies have used, and continue to
use this route [29-31]. We utilized an established rodent paradigm to measure Oxt following
nasal or intraperitoneal administration with frequent and concurrent sampling of blood and
ECF in different brain regions [22]. The experiments were conducted with wildtype and Oxt
knockout (Oxt KO) mice that were implanted with a jugular vein catheter and two
intracerebral microdialysis probes, targeting the amygdala and hippocampus, so that samples
could be collected repeatedly over a 2.5-hour period. We included an intraperitoneal dosing
to allow for a comparison of the kinetics between nasal and an alternative peripheral
administrative route.

METHODS AND MATERIALS

Subjects

All breeding, housing, and experimental methods were conducted according to US National
Institutes of Health guidelines for animal research and were approved by the National
Institute of Mental Health Animal Care and Use Committee. Adult Oxt KO (8 for nasal and
6 for i.p. administration) and wildtype C57BL/6J (7 for nasal and 6 for i.p. administration)
male mice were used for experiments. Generation of mice with targeted disruption of the
Oxt gene was previously described [32]. These Oxt KO mice had elimination of the
neurophysin-encoding second and last exons of the Oxt gene, resulting in an absence of
endogenous Oxt production. Genotyping was conducted by PCR assay. All mice were
housed singly during experiments and maintained on a 12-h light cycle (lights off at 1500 h)
with ad libitum access to food and water.

Surgical Procedures

The day prior to the experiment, mice were anesthetized with tribromoethanol (Avertin),
fitted with a jugular vein catheter, and implanted with self-constructed, linear microdialysis
probes (molecular cut-off: 18kDa; 1 mm membrane) within the left amygdala (coordinates
from bregma: anterior-posterior: —1.06, dor sal-ventral: —=5.75, medial-lateral: 1.75) and right
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dorsal hippocampus (anterior-posterior: —1.42, dorsal-ventral: —2.75, medial-lateral: —1.60).
The catheter was filled with heparinized saline to prevent blood clotting in the catheter
tubing and guided subcutaneously to the nape of the neck and exteriorized.

For the jugular vein catheterization, the catheter tubing was filled with a heparinized
ticarcillin solution (33 mg of ticarcillin and 0.3 mg of heparin per 10 ml of sterile saline). A
2 cm long midscapular incision was made and a second shallow 1 cm incision was made
from the right clavicle upward. A pair of fine surgical forceps was threaded subcutaneously
from front to back incision, then the catheter was guided through this path until 2 cm of the
tip was exteriorized from the front incision. Superficial connective and adipose tissues were
gently dissected away from the right jugular vein, and a sterile plastic bar was placed
underneath the vein to isolate it from the body cavity. Two loose open suture knots were
made around the vein and catheter. A 20-gauge insertion needle was used to pierce the vein
between the sutures and guide the catheter into the vein. Blood was drawn to confirm
placement, sutures were tightened to secure the catheter, incision sites were closed, and 0.1
ml of the heparinized ticarcillin solution was injected to maintain catheter patency.

Microdialysis probe construction was previously described [33]. Briefly, the active area of
the dialysis membrane was designed to be 1.0 mm with a molecular weight cutoff of 18 kDa.
Probes were perfused continuously at 1.0 pl/min with an artificial cerebrospinal fluid (aCSF)
solution using a gas-tight Hamilton syringe connected to an automatic micropump (World
Precision Instruments, Sarasota, FL). The surgical site was prepared by making a 1 mm
incision to expose the crown of the skull, leveling the head position using bregma and
lambda as reference points, and two small holes were drilled for probe implantation. Probes
were placed into the left amygdala and right dorsal hippocampus, which were histologically
verified upon completion of the collection of samples. All “‘missed’ or ‘partial hits” were
excluded from the data analyses.

Experimental Procedures

The next day, the catheter was flushed with 0.1 ml heparinized ticarcillin solution, and both
microdialysis probes were perfused (1.0 pl/min, aCSF) for 60 minutes without sampling.
Baseline samples were collected from both probes and the catheter. The dialysate was
collected for 30 minutes into 5 pl of 0.1 N HCI then stored immediately on dry ice. Blood
samples were taken 10 minutes after the beginning of the 30-min dialysis period and stored
briefly at 4°C in a vial containing EDTA (4 u1/100 pl blood). Oxt was administered either
via nasal application (1 pg/ul; 2 x 6 pl saline) or intraperitoneal injection (12 pg/0.1 ml
saline). Briefly, for nasal administration, the solution was pipetted bilaterally on the
rhinarium, /.e., the glabrous skin around the nostrils, and allowed to diffuse in the squamous
epithelium. Following administration, 4 additional dialysate and blood samples were
collected every 30 minutes, as described above. Dialysates were evaporated via vacuum
concentration without heat and stored at —80°C until assayed. Blood was double centrifuged
at 6000 rpm for 15 minutes at 4°C and stored at —80°C until assayed.
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In vitro recovery of microdialysates

In vitro recovery of microdialysis probes was determined by placing probes into aCSF
containing 1 ng Oxt/mL. for 30 minutes (n = 5).

ELISA and Radioimmunoassay

Unextracted dialysates were processed as full dialysate samples (30 pl) via
radioimmunoassay (RIAgnosis, Munich), which has previously been validated for use in
mice [22]. The Oxt radioimmunoassay is highly sensitive (minimum detection is 0.1 pg/
sample) and selective (no significant cross-reactivity with related compounds). Extracted
plasma samples were assayed for Oxt and vasopressin (Avp) using Oxt (Assay Designs Inc.,
Ann Arbor, MI) and Avp (Assay Designs Inc.) ELISAS, respectively. Extractions were
conducted according to the recommended protocols for these assays. Briefly, plasma
samples plus an equal volume of 0.1% trifluoroacetic acid were eluted through equilibrated
200 mg C18 Sep-Pak columns. The eluents were then evaporated using a vacuum
concentrator. Samples were then assayed in duplicate according to both of the Oxt and Avp
ELISA protocols. The detection limits were 11.7 pg/ml for Oxt and 3.39 pg/ml for Avp. The
intra-assay and inter-assay CV (coefficients of variation) for each were less than was 2.08%
and 1.80%, respectively.

Statistical Analysis

Statistical analyses were performed on data that were expressed as means + s.e.m’s using
IBM SPSS Statistics 19 (SPSS, an IBM Company, Chicago, IL). Repeated measures
ANOVAs were used to evaluate the effect of time on peptide concentration, and the
bonferroni post-hoc test was used if any main effects reached statistical significance (p <
0.05). In addition, pharmacokinetic measurements were calculated and are reported in Table
1. Specifically, we evaluated the Cyax (maximum concentration observed), Ty, (half-life),
area under the curve with respect to ground (AUCg or area under the curve with respect to
zero), and area under the curve with respect to increase (AUC, or area under the curve with
respect to the value at 24 h separation).

RESULTS

Oxt was detectable in all microdialysates and plasma samples from wildtype and Oxt
knockout mice, with the exception of baseline and some latter recovery samples in knockout
mice. The in vitro recovery of synthetic Oxt in dialysates collected over a 30-minute periods
averaged 4.58%.

Nasal Oxt in Normal Mice

Wildtype C57BL/6J male mice were administered Oxt through the nasal cavity, which
resulted in a concurrent rise in Oxt concentrations in circulation and in the brain (Figure 1A—
C). Specifically, Oxt concentrations in the ECF of the amygdala spiked 30 minutes after
nasal Oxt administration, remaining significantly above baseline for an hour (F4, 24 = 6.33, p
<.001). Similarly, Oxt levels rose three times above baseline in the hippocampus during the
first 30 minutes following nasal administration, though this was not statically significant
presumably due to high variance (F4 24 = 1.82, p = 0.16). Plasma Oxt concentrations also
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rose within 30 minutes of treatment and remained significantly elevated for an hour (F4 28 =
5.48, p <.005). Plasma Avp did not vary as a result of the nasal Oxt administration (F4, 20 =
0.43, p=0.78).

Nasal Oxt in Oxt KO Mice

Oxt was also administered nasally to Oxt KO mice, a genetic mouse with deletions of the
neurophysin-encoding second and last exons of the Oxt gene to eliminate endogenous Oxt
production. Oxt was undetectable in the brain (0.1 pg/sample minimal detection limit) or
circulation (11.7 pg/mL) of these mice at baseline. Strikingly, Oxt concentrations were
observed in the amygdala (F4, 29 = 3.22, p <.05) and hippocampus (F4 16 = 2.72, p = 0.06)
30 minutes after nasal administration of Oxt (Figure 1D—F). These detectable concentrations
remained for a total of 90 minutes. In addition, Oxt was detected in circulation for 90
minutes after nasal administration, spiking in the first 30 minutes (F4 24 = 3.82, p <.05).
While Avp was measureable in plasma at baseline, no change in concentration was observed
after nasal Oxt administration (F4 24 = 1.41, p = 0.36).

Intraperitoneal Oxt in Normal Mice

For comparative purposes, Oxt was systemically administered, via intraperitoneal injection,
into wildtype C57BL/6J mice (Figure 2A-C). As with nasal administration, Oxt
concentrations rose in the brain, significantly in the amygdala (F4 16 = 5.37, p <.01) but not
in the hippocampus (F4, 16 = 1.98, p = 0.15). Oxt concentrations spiked in the amygdala 30
minutes after administration and remained elevated for a hour. The time course for the Oxt
rise in the brain was mirrored in the blood, a spike within 30 minutes that lasted for an hour
(Fq,12 = 16.34, p <.001). Plasma Avp remained unaffected (F4 1o = 0.69, p = 0.62).

Intraperitoneal Oxt in Oxt KO Mice

Oxt was detectable in the brain and circulation after an intraperitoneal injection in Oxt KO
mice (Figure 2D—F). Oxt concentrations were elevated for an hour after intraperitoneal
administration, with a spike in the first 30 minutes, in the amygdala (F4 1, = 3.18, p <.05).
Oxt was detectable in the hippocampus after intraperitoneal administration, but these levels
did not reach statistical significance (F4, 12 = 1.04, p = 0.43). Intraperitoneal administration
of Oxt in Oxt KO mice yielded the most persistent elevation of Oxt concentrations,
remaining significantly above baseline for the complete two-hour monitoring period (F4, 20 =
10.60, p <.001). Plasma Avp remained unaffected (F4 20 = 0.33, p = 0.86).

Pharmacokinetics Across Genotype and Administrative Route

In addition to characterizing the pharmacokinetic profile of nasal and intraperitoneal
administration of Oxt in normal and Oxt KO mice, we compared the kinetic parameters
across genotype and administrative route (Table 1). Most parameters were comparable
across these conditions. However, the maximum concentration (Cpax) of Oxt in the
amygdala following nasal administration was significantly higher than after an
intraperitoneal injection in normal mice (F3, 21 = 3.16, p <.05). In addition, AUCg was
significantly higher in wildtype mice compared to Oxt KO mice regardless of the
administrative route (F3 24 = 4.30, p <.05). This genotypic difference is likely due to the
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fact that wildtype, but not Oxt KO, mice produce endogenous Oxt, as AUCg reflects the
total hormonal output from endogenous and synthetic concentrations. No pharmacokinetic
parameters varied as a function of genotype or administrative route in the hippocampus for
Oxt (F3, 16 < 0.92, p > .45) or plasma for Avp (F3 16 < 0.62, p > .61).

DISCUSSION

Numerous studies have speculated on the potential use of nasal administration of Oxt as a
therapeutic treatment for human conditions characterized by deficits in social functioning,
especially autism spectrum disorder and schizophrenia (e.g., [10-12]). With dozens of
clinical trials currently underway to evaluate this hypothesis, only a handful of studies have
focused on the pharmacokinetics of this administrative route. One of the significant
questions still to be determined is if nasal administration provides a non-invasive route for
delivery of Oxt to the brain. Here, we provide a detailed pharmacokinetic examination of
Oxt concurrently in the circulatory system and CNS of mice after nasal administration. Most
significantly, we utilized Oxt knockout mice to monitor the distribution of nasally delivered
Oxt in the absence of endogenous production of Oxt to validate the source of the detectable
Oxt. Our study demonstrates for the first time that nasal administration of Oxt permeates
into specific areas of the brain. Furthermore, nasal administration yields a higher peak in
central Oxt concentrations compared to intraperitoneal injections in wildtype mice. By
contrast, we observed a prolonged return to baseline in plasma Oxt concentrations from
intraperitoneal injections compared to nasal administration, an effect that was even greater in
Oxt KO mice. Together, this suggests that nasal administration of Oxt may be a preferred
route to target Oxt to the CNS, while intraperitoneal injections provide a systemic targeting
alternative.

The pharmacokinetics of Oxt in brain ECF and plasma after nasal and intraperitoneal
administration in wildtype mice have been previously documented [22]. Indeed, the
concentrations versus time profiles reported by Neumann et al. [22] and in the current study
are nearly indistinguishable, demonstrating reproducibility. Nasal and intraperitoneal
administration of Oxt significantly increases the brain ECF concentrations and plasma for an
hour, with peak concentration occurring between 30-60 minutes. One distinction between
the two administrative routes is in the peak concentration (Cnax) Within the brain ECF.
Specifically, nasal administration (Cmax = 19.01 + 4.60 pg/mL or 4.16 + 1.00 ng/mL
adjusted for recovery rate) of Oxt yields a significantly higher C,ax in the amygdala than an
intraperitoneal injection (Cmax = 4.17 + 1.23 pg/mL or 0.91 £ 0.27 ng/mL adjusted for
recovery rate) in wildtype mice. This suggests that nasal administration may be a more
efficient route to deliver Oxt to the brain than a systemic injection. However, a recent study
with macaques would suggest that intranasal administration of oxytocin does not offer an
advantage to intravenous administration in introducing oxytocin into the CSF in the cisterna
magna [28]. This could constitute as species difference between macaques and mice in the
efficacy of nasal administration of oxytocin, as there are certain differences in nasal
anatomy. However, it could also be a difference in the accumulation of oxytocin in the
extracellular fluid within brain regions and CSF in the cisterna magna, as there were even
distinctions found in oxytocin concentrations post-administration between the amygdala and
hippocampus in this study. Entry of most proteins to the brain via the bloodstream is
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significantly impaired due to the blood-brain barrier [34]. Several have speculated that
peptides administered through the nasal cavity have a greater accessibility to the brain. In
practice, it has been documented that 2x1075 of the total Oxt from an intravenous injection
[20] and 5%1076 of the total Oxt from nasal administration reaches the CNS [13]. Studies
have used autoradiography to measure permeability and distribution of radio-labelled
peptides in the brain [35, 36], recording that the radioactivity is found in the brain as a
gradient, with the highest concentrations found in regions in closest proximity to the nose
(i.e., olfactory bulb). Unfortunately, these studies did not distinguish between intact peptide,
metabolites, and free label. Still, the fact that Oxt Cp,,x is higher following nasal compared
to systemic administration suggests that Oxt from the nasal cavity more appreciably enters
the brain. It is interesting to note that while Oxt concentrations were elevated in both the
amygdala and hippocampus, only the increase in the amygdala was statistically above
baseline concentrations. Therefore, it is possible there is a gradient in how Oxt defuses
throughout the brain, consistent with previous modeling for other peptides after nasal
administration [37]. In addition, increasing group sizes (currently 47 mice) may affect
statistical outcomes in the hippocampus.

Furthermore, both nasal and intraperitoneal administrations of Oxt yield detectable
concentrations of Oxt in brains of Oxt KO mice, both in the amygdala and hippocampus.
The primary significance of this result is that there is no endogenous production of Oxt from
these mice, establishing that the source of Oxt measured in the brain tissue originates solely
from the administration. Thus, Oxt from the nasal cavity enters the brain. There are at least
two possible routes a drug can be transported between the nasal cavity and brain: blood
vessels after absorption and directly through the olfactory membrane [38]. Focusing on the
olfactory membrane pathway, the most important factor limiting nasal absorption of polar
peptides, such as Oxt, is low membrane permeability. As a result, polar peptides are limited
in passing the nasal membrane; however, low amounts will pass via an endocytotic transport
process [39, 40]. Still, drugs can be transported to the olfactory bulb through olfactory
neurons by extracellular diffusion or extracellular convection (bulk flow). Lochhead and
colleagues [37] calculated the time required for a peptide to travel from the nasal cavity to
the brain using each of these three mechanistic possibilities: 0.74-2.7 hours via intracellular
axonal transport, 0.73-2.3 hours via extracellular diffusion, and 0.33 hours via extracellular
convection. In the current study, the Cmax of Oxt occurred between 30-60 minutes after
nasal administration, occurring within the range of each of these delivery mechanisms.
While the precise pathways and mechanisms Oxt travels from the nasal cavity to the brain
remains an open question, our data confirm that this passage occurs. In addition, it is
possible that nasal administration of Oxt is absorbed into and transported through the
bloodstream to the brain, though as mentioned previously, only a small amount will
permeate the blood-brain barrier. In fact, from the Oxt KO data, we calculate that the blood-
brain barrier permeability, calculated as 10g(Cprain/Chiood) OF l0gBB, for nasal and
intraperitoneal administration of Oxt is —1.09 and —2.37, respectively. Compounds with
logBB < -1.0 are considered to be poorly distributed to the brain [41]. Still, this pathway is
plausible as both nasal and systemic administrative routes, which readily deliver Oxt into
circulation, result in detectable concentrations of Oxt in the brain.

Pharmacol Res. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 9

Intriguingly, the pharmacokinetic profiles of these drug delivery routes in the Oxt KO mice
are different. While both nasal and intraperitoneal administration of Oxt delivers Oxt to the
circulatory system and CNS, Oxt concentrations persist longer in the brain after nasal
administration, and in the blood after intraperitoneal administration. Specifically, Oxt
concentrations in the amygdala return to baseline slower after nasal administration (between
90120 minutes) compared to intraperitoneal injection (between 60-90 minutes). By contrast,
plasma Oxt concentrations return to baseline faster after nasal administration (between
90-120 minutes) than intraperitoneal injection (exceeding 120 minutes). The variance in the
return to baseline in the brain and blood between nasal and intraperitoneal administration
could reflect distinctions in drug distribution and ultimate bioavailability of Oxt for various
tissue types. The clearance of Oxt in plasma after both administrative routes is consistent
with a two-compartmental system, corresponding to the plasma volume and the
extravascular fluid volume [42]. After nasal or intraperitoneal administration, the plasma
concentration is expected to rise rapidly (e.g., after entry of inhaled oxytocin into the blood
via the lungs) with a second slow component of entry from extravascular fluid; the resulting
plasma concentrations are cleared rapidly via the kidneys and liver [43]. Brain levels,
assuming the penetrate via the blood, will rise following entry at the high concentrations
achieved initially, but remain elevated due to slow clearance. It is plausible that a greater
distinction, particularly with the true peak concentration and associated time course, could
be established between the two administrative routes with a more refined timescale. Some
technical considerations of the microdialysis method should be noted. First, it is not
conceivable that a microdialysis probe can be inserted into the brain of a small animal
without significant damage to blood vessels, impairing the local integrity of the blood-brain
barrier. Second, the concentrations measured in microdialysates are not measures of total
extracellular concentration — rather, they need to be corrected for the recovery of peptides by
microdialysis. The recovery rate for peptides is usually low, and varies between 2% and 20%
depending on the probes used, flow rate, and other conditions.

While nasal administration has become the primary non-invasive method to deliver Oxt in
basic research and experimental clinical trials, a major critique of the field has been that no
information was available regarding the pharmacokinetics of this drug delivery route until
quite recently. In fact, until just a few years ago, studies administering Oxt relied on the
pharmacokinetic properties of vasopressin administration [44]. The new knowledge learned
from our work and works completed by others should influence the anticipated time course
and dosages used for nasal administration of Oxt. To this end, investigations already
attempted to standardize nasal application of Oxt for mice and rats [22], nonhuman primates
[23], and humans [45]. These studies all reported increased Oxt concentrations in the
circulatory system and CNS after nasal administration [22—-27]. Specifically, the
pharmacokinetics of Oxt in circulation after nasal application are comparable across these
studies, peaking within the first 15-30 minutes and returning to baseline between 75-90
minutes. However, the rise in CSF Oxt occurs at shifted time points, highlighting the fact
that the administration of Oxt (e.g., amount and method) and sampling procedures (e.g.,
target location) may contribute to the variance observed in the pharmacokinetics. Further,
this work shows that the pharmacokinetics of Oxt after nasal administration in plasma do not
mirror concentrations in CSF or brain ECF. One factor to note is that peak concentration of
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Oxt detected in plasma after administration will be depend on sampling intervals. As the
half-life of Oxt in plasma is estimated to be about two minutes, shorter sample intervals may
provide greater accuracy in true Cmax detection. Thus, there should be reservations to
utilizing peripheral measures of Oxt as a reflection of CNS concentrations. We anticipate
that as more is learned about the pharmacokinetics of nasal administration of Oxt, a better
understanding will be realized for the sizeable and ever-growing amount of data cultivated
using this administrative route.
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Nasal administration of Oxt elevates Oxt in the circulatory and central nervous systems in
normal (A-C) and Oxt knockout (D-F) mice. (A) In the amygdala, Oxt concentrations peak
30 minutes after nasal administration and remain elevated for an hour. (B) No statistically
significant change in Oxt concentration was observed in the hippocampus. (C) Plasma Oxt
spikes 30 minutes after nasal administration and persists for an hour. (D) Oxt concentrations
are detectable 30 minutes after nasal application and remain above baseline for 90 minutes
within the amygdala (E) Oxt concentrations are detected in the hippocampus after nasal
administration, though statistically this effect was only a trend (o= 0.06) (F) The plasma

Oxt profile mirrors that in the amygdala, increasing for 90 minutes after the nasal

administration. Asterisk denotes a significant difference between the value at that time point
and the baseline value by a post-hoc analysis following a significant main effect detected in

the repeated-measures ANOVA (o < 0.05). Data are expressed as mean + SEM
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Figure 2.
Intraperitoneal injections of Oxt elevate concentrations in the blood and brain of normal (A-

C) and Oxt knockout (D-F) mice. (A) Oxt rises sharply 30 minutes after injections in the
amygdala, remaining elevated for a total of an hour. (B) No statistically significant change in
Oxt concentration was observed in the hippocampus. (C) For an hour, intraperitoneal
injections increase Oxt concentrations in circulation. (D) Oxt concentrations are detectable
30 minutes after nasal application and remain above baseline for an hour within the
amygdala but (E) do not elevate significantly above baseline values in the hippocampus (F)
Plasma Oxt concentrations remain elevated for the extent of the 2 hour observation period.
Asterisk denotes a significant difference between the value at that time point and the
baseline value by a postdoc analysis following a significant main effect detected in the
repeated-measures ANOVA (p < 0.05). Data are expressed as mean + SEM.
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Table 1.
Oxytocin pharmacokinetic parameters

Condition Sampled Fluid N Cmax AUCG AUCI T1/2

Nasal - WT Amygdala ECF 7 574138, 249 + 69 206 + 45 25.9+8.6
Hippocampus ECF 6 270+1.24 173+ 114 85.4 +53.4 146+4.2
Plasma 8  398+101  23,600+4880, 17,300+5260 25.8+6.0

Nasal - Oxt KO~ Amygdala ECF 6 3.84%1.26y, 266. + 113 254 + 113 39.6 +16.1
Hippocampus ECF 5  3.27+1.19 197 £ 96.3 185+ 96 185+53
Plasma 7 131+29 7920+ 1280,  6120+1280  32.4+9.1

IP-WT Amygdala ECF 5 125+037, 61.5+36.9 37.9+12.1 18.9+47
Hippocampus ECF 5 2.23+1.07 151 + 89 134+ 84 20.1+45
Plasma 4 291+42 18,000+ 987, 99002150  32.0+9.1

IP — Oxt KO Amygdala ECF 4 231160, 101+51 89.1+51.3 147+1.7
Hippocampus ECF 4 1.94+0.85 98.7 +£38.8 86.7 +38.8 18.8+1.9
Plasma 6  255+44  14,900+1930b 12,000+ 1950 34.5+8.9

Page 15

Note. Letters indicate significant group differences of a parameter within a given sampled fluid (e.g., value a is different from value b). Cmax (pg/
sample) is the maximum concentration measured during the 2 hours after oxytocin administration. Area under curve-ground (AUCG; pg*30 min/
sample) = area under the curve with respect to zero, and AUC-increase (AUCI; pg*30 min/sample) = area under curve with respect to the value at

baseline. T/12 (half-life; min) is the time until samples drop to half of Cmax. Abbreviations: WT, wildtype; Oxt KO, oxytocin knockout; IP,

intraperitoneal; ECF, extracellular fluid.

Pharmacol Res. Author manuscript; available in PMC 2020 August 01.



	Abstract
	Graphical Abstract
	METHODS AND MATERIALS
	Subjects
	Surgical Procedures
	Experimental Procedures
	In vitro recovery of microdialysates
	ELISA and Radioimmunoassay
	Statistical Analysis

	RESULTS
	Nasal Oxt in Normal Mice
	Nasal Oxt in Oxt KO Mice
	Intraperitoneal Oxt in Normal Mice
	Intraperitoneal Oxt in Oxt KO Mice
	Pharmacokinetics Across Genotype and Administrative Route

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Table 1.

