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ARTICLE INFO ABSTRACT

Keywords: The blood-brain barrier (BBB) limits the therapeutic use of large molecules as it prevents them from passively
Nanotechnology entering the brain following administration by conventional routes. It also limits the capacity of researchers to
Oxytocin study the role of large molecules in behavior, as it often necessitates intracerebroventricular administration.
:?:::;;:;Vior Oxytocin is a large-molecule neuropeptide with pro-social behavioral effects and therapeutic promise for social-

deficit disorders. Although preclinical and clinical studies are using intranasal delivery of oxytocin to improve
brain bioavailability, it remains of interest to further improve the brain penetrance and duration of action of
oxytocin, even with intranasal administration. In this study, we evaluated a nanoparticle drug-delivery system
for oxytocin, designed to increase its brain bioavailability through active transport and increase its duration of
action through encapsulation and sustained release. We first evaluated transport of oxytocin-like large molecules
in a cell-culture model of the BBB. We then determined in vivo brain transport using bioimaging and cere-
brospinal fluid analysis in mice. Finally, we determined the pro-social effects of oxytocin (50 pg, intranasal) in
two different brain targeting and sustained-release formulations. We found that nanoparticle formulation in-
creased BBB transport both in vitro and in vivo. Moreover, nanoparticle-encapsulated oxytocin administered
intranasally exhibited greater pro-social effects both acutely and 3 days after administration, in comparison to
oxytocin alone, in mouse social-interaction experiments. These multimodal data validate this brain targeting and
sustained-release formulation of oxytocin, which can now be used in animal models of social-deficit disorders as
well as to enhance the brain delivery of other neuropeptides.
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ability to administer neuropeptides as therapies. Likewise, these factors
limit the capacity of preclinical researchers to study the effects of

1. Introduction

Neuropeptides are small protein-like molecules that are commonly
co-released with neurotransmitters to modulate neurotransmission.
Neuropeptides vary in their size, the neuroanatomical distribution of
the neurons in which they are synthesized, and in the neurotransmitters
with which they partner for co-release. They have critical roles in be-
havior and they have shown promise as potential therapeutics for
central nervous system (CNS) disorders, because animal studies de-
monstrate efficacy across a number of disease states (Donaldson and
Young, 2008; Engelmann et al., 1996; Klemp and Woldbye, 2001;
Reibel et al., 2001; Woldbye, 1998). Unfortunately, their therapeutic
potential is limited by the facts that 1) they do not readily cross the
blood-brain barrier (BBB) following exogenous administration and 2)
their half-lives in the blood are short, typically on the order of minutes.
Poor target penetrance and short half-lives are key factors that limit our

neuropeptides on behavior, as they are often limited to studies using
intracerebroventricular administration. The development of a tech-
nology that allows for the administration of neuropeptides through less
invasive routes of administration may facilitate new discoveries into the
role of neuropeptides in behavior and its underlying neural circuitry. As
such, in the present study, we characterized a nanoparticle-based for-
mulation designed to increase the brain penetrance and extend the
duration of action of neuropeptides.

Although there are many neuropeptides with potential behavioral
effects and therapeutic benefits, one of particular interest is oxytocin
(OT). OT is a nine-amino acid neuropeptide that is synthesized in the
paraventricular and supraoptic nuclei of the hypothalamus. It is re-
leased into peripheral circulation by the posterior pituitary gland but
also functions as a neurotransmitter, acting at one identified OT
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receptor, throughout much of the mammalian brain (Carson et al.,
2013). Although OT has been traditionally recognized to be involved in
uterine stimulation during parturition, recent studies have convincingly
demonstrated roles for the brain neurotransmitter OT system in social
behavior, social recognition, social comfort, and altruism (Donaldson
and Young, 2008; Engelmann et al., 1996; Modi and Young, 2012),
which has led to considerable interest in the therapeutic use of OT for
CNS disorders with social deficit components, including Autism Spec-
trum Disorder (ASD), Fragile X syndrome, and Dravet syndrome. Recent
work has focused on the use of intranasal delivery to develop OT as a
therapeutic (Keech et al., 2018). While promising, this approach has
yielded tentative support for the use of intranasal OT, potentially due to
its poor bioavailability and brain penetrance even when administered
using this route (Keech et al., 2018; Leng and Ludwig, 2016). Likewise,
the role of OT in social behavior is complex. A recent study, for ex-
ample, reported that chronic administration of intranasal OT daily for
30 days in the BTBR mouse model of ASD resulted in minimal effects in
dyadic social interactions, three-chambered social approach, open-field
exploratory activity, repetitive self-grooming and fear-conditioned
learning and memory (Bales et al., 2014). Other studies have shown
that the effects of OT on social behavior can depend on factors such as
sex, context, age of administration, and dose (Guoynes et al., 2018), can
differ between acute and chronic administration (Huang et al., 2014),
and chronic OT administration can alter the expression of OT receptors
(Freeman et al., 2018). Much work needs to be completed to fully un-
derstand the role of OT in behavior, as well as its potential as a long-
term therapeutic. A technology that increases the brain penetrance and
sustains the delivery of OT should facilitate these endeavors.

The BBB is a dynamic interface that restricts the movement of most
drugs and blood borne molecules into the brain. The tight junctions of
the BBB are formed by endothelial cells. Only lipophilic and low mo-
lecular weight (< 400 Da) drugs can passively cross the BBB. Therefore,
the BBB represents one of the most difficult biological barriers to cross
to study the role of large molecules in behavior or to deliver therapeutic
agents/drugs/peptides for treatment of CNS diseases (Abbott et al.,
2010; Ballabh et al., 2004; Pardridge, 2014). To transport nutrients
from blood to brain, the BBB endothelium is equipped with a variety of
molecular transport systems. Receptor-mediated transcytosis is a class
of transport system that transports macromolecules like insulin and iron
between blood and brain. The transferrin (Tf) system is an endogenous
iron transport system and many previous studies have attempted to
repurpose this endogenous system to target drug formulations to the
brain (Broadwell et al., 1996; Gan and Feng, 2010; Pardridge, 2014;
Qian et al., 2002; Ulbrich et al., 2009). Tf bound agents cross the BBB
(Broadwell et al., 1996; Pardridge, 2014; Qian et al., 2002; Ulbrich
et al.,, 2009) via receptor-mediated transcytosis and drug transport
across the BBB may be enhanced by Tf conjugated delivery systems as
Tf-receptors (TfR) are overexpressed in brain capillary endothelium
(Pang et al., 2011; Qian et al., 2002; Ulbrich et al., 2009; Wiley et al.,
2013; Yan et al., 2013; Ying et al., 2010). In support of this idea, Pang
et al. showed the uptake of Tf polymersomes by BEND3 cells occurs
primarily through clathrin mediated energy dependent endocytosis.
Also, after tail IV injections there was more brain accumulation of Tf
polymersomes than unconjugated polymersomes (Pang et al., 2011).
Recent studies, also, have described a new brain targeting ligand called
Rabies Virus Glycoprotein (RVG), which putatively binds to nicotinic
cholinergic receptors (nAChR) on the BBB to engage brain uptake of
drug formulations (Kim et al., 2013; Liu et al., 2016). As both Tf and
RVG have been used previously to target therapeutic large molecules to
the brain, it is reasonable to expect that they will be effective in the
brain transport of neuropeptides. In addition to Tf and RVG, there are a
number of other receptor and transporter systems that may allow for
the development of novel brain targeting nanoparticle formulations.
For example, the P-glycoprotein transporter, excitatory amino acid
transporter, dopamine transporter, and nucleoside transporter are ex-
pressed in the nasal mucosa (Anand et al., 2014). As such, a wide
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diversity of drug targeting systems could be developed that take ad-
vantage of these endogenous systems. To the best of our knowledge, our
work is among the first to apply such an approach to OT and other
neuropeptides.

Previous studies have used a variety of approaches for sustained
delivery and brain targeting of drug formulations. Molecules can be
encapsulated within different polymers including Poly(lactic-co-gly-
colic acid) (PLGA), bovine serum albumin (BSA), polyethyleneglycol,
lipopolyplexes, polymer-based cyclodextrin, and gold nanoparticles
(Jones et al., 2011; Kolluru et al., 2013; Li et al., 2003; Pan et al., 2008;
Sahoo and Labhasetwar, 2005; Zhang et al., 2009). We focused our
efforts on BSA nanoparticles, because they are biocompatible and bio-
degradable (Makadia and Siegel, 2011), we have previously shown low
levels of toxicity with these polymers in both cells (Zaman et al., 2018)
and nonhuman primates (Oettinger et al., 2007), and we have not ob-
served any signs of toxicity in mice. Furthermore, we have shown that
these polymers have sustained-release properties (Tong et al., 2003).

In the present study, we evaluated a nanoparticle drug-delivery
system for OT designed to increase its brain bioavailability through
active transport and sustain its delivery through encapsulation and
sustained release. We first evaluated transport of OT-like large mole-
cules using our technology in a cell-culture model of the BBB. We then
determined in vivo brain transport using bioimaging and cerebrospinal
fluid (CSF) analysis. Finally, we determined the efficacy of OT in two
different brain targeting and sustained-release formulations in a mouse
model of social behavior. Our central hypothesis is that this novel drug
formulation increases the brain penetrance and sustains the delivery of
intranasal OT.

2. Materials and methods
2.1. Drugs/chemicals

Poly(p,L-lactide-co-glycolide) lactide:glycolide (50:50), Polyvinyl
Alcohol, Dichloromethane and Indocyanine green (ICG) were pur-
chased from Sigma Aldrich (Milwaukee, WI, USA). Bovine serum al-
bumin (Fraction V), glutaraldehyde (25% in water) and acetone were
purchased from Fischer Scientific (Pittsburgh, PA, USA). All the che-
micals were of analytical grade and used as is without further mod-
ification. OT (GenScript USA, Piscataway, NJ) was dissolved in a mix-
ture of 10% Tween-80 and saline and lightly vortexed for suspension.
Nanoparticles equivalent to 50 ug of oxytocin was suspended in 50 pl of
vehicle for each intranasal administration.

2.2. Preparation of nanoparticles

We recently reported a series of studies to refine and optimize our
approach to the preparation of nanoparticles for brain targeting (Zaman
et al., 2018). Bovine serum albumin (BSA) nanoparticles were prepared
by a coacervation/nanoprecipitation method followed by lyophiliza-
tion. Briefly, 270 mg of BSA and either 27 mg of OT, 27 mg of FITC or
2.7 mg of ICG (depending on the particular experiment) were dissolved
in 10 ml of 10 mM NaCl at pH 9.3. Acetone was added drop wise at a
speed of 1 ml/min to the aqueous solution at a ratio of 2:1 with stirring
at 800 rpm. After desolvation, the nanoparticle suspension was cross-
linked for 24h with 25% (w/v) glutaraldehyde in water (200 ul of
glutaraldehyde for 1000 mg of BSA). Excess of glutaraldehyde was
neutralized with sodium bisulphite. Trehalose (2% w/v) was added as a
cryoprotectant and the nanoparticle suspension was lyophilized using
Labconco freeze dryer (Labconco corporation, Missouri, USA).

2.3. Tf and RVG conjugation to peptide-loaded nanoparticles
Previous studies have used Tf and RVG as brain targeting ligands

(Broadwell et al., 1996; Gan and Feng, 2010; Kim et al., 2013; Liu et al.,
2016; Pardridge, 2014; Qian et al., 2002; Ulbrich et al., 2009) using other
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formulation technologies and to carry therapeutics other than neuropep-
tides into the brain. We attempted to adopt their approaches for nano-
particle formulations of neuropeptides. Tf and RVG were conjugated to BSA
nanoparticles in two steps. The first step required activation of the car-
boxylic acid terminal groups using 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDC) and N-Hydroxysulfosuccinimide (NHS) (98%) followed by
conjugating Tf or RVG in the nanoparticles. Briefly, 1 ml (1 mg/ml) of EDC
and NHS (1 ml, 1 mg/ml) was added to 10 ml of nanoparticle suspension
containing 40 mg of OT-loaded BSA nanoparticles. The nanoparticles were
dispersed in 1 ml of PBS, and Tf (1 ml, 1 mg/ml) or RVG (1 ml, 1 mg/ml)
was added drop-wise to the mixture. The mixture was stirred at room
temperature for 2h and incubated at 4 °C overnight or 12h. The samples
were washed and lyophilized.

2.4. BENDS3 cell culture

To generate a cellular model of the BBB, BEND3 cells were obtained
from American Type Culture Collection (ATCC: 2299). BEND3 cells are
endothelial cells that form tight barriers through the formation of
transcellular tight junctions (Montesano et al., 1990; Sikorski et al.,
1993; Williams et al., 1988), and these barriers mimic the barrier
properties of the BBB (He et al., 2010; Watanabe et al., 2013). Their
endothelial nature has been confirmed by the expression of von Will-
ebrand factor and the uptake of fluorescently labeled low density li-
poprotein. BEND3 cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 15% FBS and 1% (100 U/ml Pe-
nicillin and 100 pg/ml Streptomycin). The cells were quickly thawed
and centrifuged at 250 X g for 8 min in 5 ml of complete media. The cell
pellets were resuspended in 1 ml of complete media and plated on T-25
flask. Cells were maintained at 5% CO,, 37 °C, and 80% humidity in a
cell-culture incubator. At confluence, the cells were washed twice with
2.5ml DPBS, trypsinized with TrypLE and centrifuged at 250 x g for
8 min at 4°C. The cells were then resuspended in 1ml of complete
media and plated onto T-75 flask at appropriate densities for con-
tinuous passaging of the cells.

To characterize the membrane properties of the artificial BBB
formed by these cells, the cells were seeded and cultured on permeable
transwells using procedures we optimized following the literature
(Wuest et al., 2013). Confluent cells from T-75 flasks the cells were
washed twice with 4 ml DPBS, trypsinized with TrypLE and centrifuged
at 250 x g for 8 min at 4 °C. The cells were then resuspended in 1 ml of
complete media. 15 pl of cell suspension was diluted with 15l of 0.4
trypan blue solution and a cell count was taken using a Countess II
automated cell counting machine (MAN 0014293, Life Technologies,
CA). The cells were diluted and seeded onto Costar permeable 12-well
collagen coated membrane transwells with a 3 pum pore size (Corning;
Corning, NY) a density of 4 x 10° cells/insert in 0.5ml of complete
media. 1.5 ml of complete media was put on the basolateral side of the
transwell while 0.5 ml of cell suspension was put into the apical side of
the transwell insert. The media on both apical and basolateral sides of
the transwell was changed every other day with complete media. All
cells used for this work were below passage 33.

2.5. Transepithelial electrical resistance (TEER)

TEER measurements are a precise and well accepted method for
assessing the barrier function of in vitro membranes prior to drug or
formulation transport or barrier integrity studies (Li et al., 2004;
Srinivasan et al., 2015). Following plating of the BEND3 cell on the
transwells, the confluence of the cellular monolayer was manually
monitored daily using microscopy. Furthermore, the resistance of the
cellular monolayer was manually monitored daily using a Millicell-ERS-
1 Epithelial Volt/Ohm Meter (EVOM Meter: MERS00001; Milli-
poreSigma; Burlington, Massachusetts). Briefly, the electrodes are
sterilized with 70% ethanol and equilibrated in complete growth
media. The resistance of the blank membrane was recorded as well as
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that of the cells, and the resistance of the blank membrane was sub-
tracted from the resistance of the cell barrier. During resistance mea-
surements, the electrodes are positioned such that the silver-silver
chloride pellet neither touches the membrane of the insert nor is ex-
posed to air. Actual voltage readings are obtained by subtracting blank
resistance values. An intact monolayer of barrier cells in culture, as
occurs when the cells reach confluence, causes an increase in resistance
across the membrane, from 5 ohms per cm? (Q-cm?) to 50-100 Q-cm?.
This typically was achieved between 6 and 8 days following plating.

2.6. BBB transport

To study the transport of nanoparticle formulations across the
BEND3 BBB model barrier, we used a complete Ussing chamber system
with a multichannel voltage-current clamp and the EasyMount Ussing
chambers (Model VCC MCS8; P2300; Physiologic Instruments Inc.; San
Diego, CA). The combination of the Ussing chambers and multichannel
voltage-current clamp provided an apparatus for determining accurate
nanoparticle transport and precise real-time and continuous measure-
ments of the BEND3 membrane barrier function and bioelectric prop-
erties — TEER, short circuit current I, and potential difference PD. The
multiple endpoints allow for a comprehensive evaluation of barrier
function. The real-time and continuous access to the data ensure that
experiments are only conducted with functional barriers and that ad-
ministration of the nanoparticles do not disrupt barrier function. This
system was used for final experiments once the cultures reached ap-
propriate resistance as verified by EVOM measurements. To subtract
the background resistance, a blank cell-culture insert was placed onto
the slider and used to compensate for any fluid or blank membrane
resistance by dialing off any reading to zero. Voltage differences be-
tween the electrodes were also offset. The blank inserts were then re-
placed with inserts containing cells and kept a temperature of 37 °C
throughout the duration of the experiment. The cells were allowed to
equilibrate in the Ussing chamber for 15 min before start of the ex-
periment. Before the start of the experiment, all cell barrier prepara-
tions were evaluated for resistance properties and current flow using
the acquire and analyze software. The resistance values of the cells
during the experiment were obtained using the same software. For each
experimental set up, 3 chambers contained cells while one was a blank
insert.

For visual confirmation of monolayer formation, a solution (0.4%)
of the visible dye trypan blue was used. This was our dye of choice
because its molecular weight (986.41 g/mol) is comparable to the
molecular weight of OT (1006 g/mol). 100 pl of dye solution was put in
the left side of each chamber and sampled from the right compartment
at times 1, 2, 3 and 4 h following dye administration. The intensity of
dye at the various time points were quantified using a BioTek HT sy-
nergy spectrophotometer at 540 nm (Model S1AFR BioTek; Winooski,
VT). To detect transport of the nanoparticles across the BBB, fluorescein
isothiocyanate (FITC) was encapsulated in BSA nanoparticles using
identical procedures to OT encapsulation, and was used to characterize
transport of Tf-coated nanoparticles across the formed monolayer.
200 ul of nanoparticles solution of concentration 134 pg/ml solution
was put in the left side of each chamber and sampled from the right
compartment at times 1, 2, 3 and 4 h. The fluorescent intensity of FITC
at the various time points was quantified using BioTek fluorescent
spectrophotometer at an excitation wavelength of 485nm and an
emission wavelength of 528 nm. The experiment was conducted in a
dark environment to prevent fluorescent photobleaching of FITC.

2.7. Animals

Male Swiss-Webster mice (CFW; Charles River Laboratories, Inc.;
Wilmington, MA) weighing between 25 and 40 g served as the subjects
of the in vivo experiments. The mice were housed in groups of 4 in a
temperature and humidity controlled room. Animals had access to food
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(Laboratory Rodent Diet) and water ad libitum. Mice were housed in
rooms maintained in a 12-hour light/dark cycle. The lights were turned
off at 6 pm every evening, and turned back on at 6 am every morning.
All animals employed in this study were treated according to protocols
evaluated and approved by Institutional Animal Care and Use
Committee of Mercer University.

2.8. Bioimaging

On experimental days, animals were administered nanoparticles
loaded with Indocyanine green (ICG) (6.7 ug of dye equivalent) in-
tranasally. All mice were imaged at 0.25, 1.5, 3, 6 and 24 h after in-
tranasal administration using a LI-COR Odyssey Bioimager equipped
with a MousePOD for in vivo imaging (LI-COR Biosciences; Lincoln, NE).
The LI-COR Odyssey Bioimager is a non-invasive near infra-red live
imaging technique. Anesthesia was induced immediately prior to each
imaging time point with isoflurane and maintained with isoflurane
throughout the approximately 30 min of imaging. The integrated in-
tensity of ICG dye in the brain at 800 nm was quantified by the bioi-
mager. For both Tf and RVG nanoparticles, > 90% of the dye appeared
to be cleared from the brain in 24 h, most likely due to degradation of
the dye itself rather than actual clearance of the nanoparticles from the
brain. As the peak intensity of ICG dye in the brain was at approxi-
mately 2h for both Tf and RVG nanoparticles, we used the 2 hour time
point for the subsequent in vivo cerebrospinal fluid (CSF) analysis and
acute social behavior experiments. For all in vivo experiments, in-
tranasal administration was accomplished in fully conscious mice using
the intranasal grip and application by pipette as has been described
previously (Hanson et al., 2013).

2.9. Collection of CSF and plasma

Borosilicate glass capillary with filament (BD 100-75-10, Sutter
Instrument Inc.) was pulled in the middle over a Bunsen burner. The tip
of the flamed glass capillary tubes was trimmed with scissors so that the
tapered tip has an inner diameter of approximately 0.5 mm.

On sample collection days, animals were administered a 50 pl so-
lution of OT alone or encapsulated in nanoparticles (containing 50 pg of
OT) intranasally and placed in separate cages for 120 min.

CSF samples were collected from the cisterna magna as previously
published by (Liu and Duff, 2008) with little modifications. Briefly, the
mice were anaesthetized with isoflurane and maintained under an-
esthesia at a flow rate of 1.5 ml/min during the surgical process. The
mice were then placed prone in the stereotaxic instrument in direct
contact with a heating pad with their heads firmly secured. The skin on
the head and neck was shaved and the surgical site wiped with 10%
povidone iodine followed by 70% ethanol. An incision was made and
the muscles under the skin separated by blunt dissection under a dis-
secting microscope until the dura of the cisterna magna were exposed (a
glistening white reverse triangle). The mice were then repositioned so
the head formed a near 135° angle to the body. The dura mater was
blotted dry with sterile cotton swab and saline. A capillary tube was
inserted into the cisterna magna through the dura mater to allow CSF to
flow into the glass capillary tube. The CSF was transferred into a pre-
marked 0.6 ml Eppendorf, immediately placed on ice, and transferred
into a —20°C freezer. Any sample contaminated with blood (pink
tinge) was discarded. Immediately after CSF collection, blood samples
were collected via the facial vein for each mouse into K,EDTA tubes (BD
Microtainer 365974) and immediately placed on ice. The mouse was
immediately euthanized by carbon dioxide asphyxiation. Blood samples
were spun at 4200 rpm for 10 min at 4°C after which the plasma
fraction was collected and stored at —20°C until analysis. Samples
were not stored for > 10 days.
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2.10. Enzyme Linked Immunosorbent Assay (ELISA)

All collected CSF and Plasma samples were treated identically and
assayed at the same time with the same batch of reagents. All samples
were tested using commercially available oxytocin ELISA kit (ADI-900-
153A, Enzo Life Sciences, NY) with a detection limit of 15 pg/ml. The
assay was performed on unextracted samples according to the protocol
provided by the manufacturer. Briefly, seven standards and samples
were diluted 1:7 in assay buffer (30ul of plasma or CSF diluted with 220
of assay buffer) and put in appropriate wells. To ensure ELISA kit was
working appropriately, quality control metrics such as the total activity
(TA), nonspecific binding (NSB), maximum binding (BO) and blank
wells were included in the assay as recommended in the assay protocol.
After addition of yellow antibody to all wells except for blank, TA and
NSB wells, the plate was tapped gently, sealed, and incubated at 4 °C for
20 h. After three washes, blue conjugate was added to TA wells and
pNpp substrate solution was immediately added to all wells and in-
cubated at room temperature without shaking for 1 h after which stop
solution was added. The optical density was read immediately at
405 nm with correction at 570 nm using BioTek HT synergy spectro-
photometer at 540 nm (Model S1AFR BioTek; Winooski, VT). The mean
optical density of the blank wells was subtracted from all readings. The
intra assay coefficient of variance was < 10%.

2.11. Social behavior

Social-behavior experiments consisted of dyadic social interactions
between familiar mice (mice housed in the same home cage). All ex-
periments were conducted in boxes (33 x 25 X 9 cm) large enough to
provide for social separation, with ambient lighting dim enough to
allow interactions but bright to enable scoring of the videos. The bed-
ding used for all experiments was from the home cages of the animals to
prevent novelty-induced hyper-excitability. Experiments were con-
ducted with the room kept at a minimal noise level. All videos were
scored by a trained observer. On experimental days, animals were ad-
ministered a 50 pl solution of OT alone or encapsulated in nanoparticles
(containing 50 ug of OT) intranasally and placed in separate cages for
120 min (n = 4-6 pairs per group). Three days after the acute session,
mice were again separated for 120 min just as in the acute session. The
mice were then placed in the testing box, allowed to acclimatize in the
box for 5 min and video recorded for 10 min. Behavior was rated on a 6-
point scale, composed of: adjacent lying, anogenital sniffing, general
investigation, body crossing, aggression, and no social interaction, as
has been done previously (Curry et al., 2018). The 50 ug dose of OT was
based on preliminary social-behavior experiments. Both animals in the
dyadic social interactions were dosed with the OT.

2.12. Data analysis

All graphical data presentations and analyses were completed using
GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA). The cell
culture data were analyzed by two-way analysis of variance (ANOVA).
Bonferroni post-hoc analyses test was utilized to maintain the prob-
ability of making a type 1 error at 5%. The in vivo bioimaging data were
analyzed by one-way ANOVA followed by Dunnett's post-hoc test as the
treatments underwent planned comparisons to a single control group.
CSF concentrations of OT were assessed by unpaired t-test (Dunnett,
1955). The in vivo social behavior and plasma OT levels were analyzed
by one-way ANOVA followed by Tukey's post-hoc test as comparisons
were made between all treatments (Tukey, 1949). We have routinely
used similar analysis in mouse models (Murphy and Murnane, 2018;
Ray et al., 2018). Effect sizes were determined by Eta® for ANOVA re-
sults and Cohen's d for all pair-wise comparisons.
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Fig. 1. Validation studies to determine the integrity of the artificial blood-brain
barrier formed by BEND3 cells. TOP: Representative picture of a double setup
Ussing chamber for the measurement of transepithelial electrical resistance and
macromolecular transport. MIDDLE: Representative photomicrograph of
monolayer and tight junction formation by BEND3 cells. BOTTOM: Barrier in-
tegrity was confirmed by examining transfer of trypan blue dye across the
membrane using spectrophotometry at 540nm. All points represent the
mean * SEM, and any points without error bars indicate instances in which
the SEM is encompassed by the data point. Abscissae: Hours following the in-
troduction of the trypan blue dye to the left compartment of the Ussing
chamber. Ordinates: Percentage of the dye that crossed to the right side of the
Ussing chamber normalized to the amount remaining on the left side. All as-
sessments were conducted in triplicate. * = p < 0.05 in comparison to the
presence of the cellular barrier.

3. Results
3.1. Trypan blue validation study

The integrity of the artificial BBB barrier was assessed using trypan
blue transport. The resistance of the cellular barrier (BEND3 cells) at
the first sampling point (t = 60 min) was R, 123.7 + 54Qcm® n = 3
and at t = 240 min was R, 117.2 + 42.5Q-cm? n = 3. The resistance
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when there was no cellular barrier at t=60min was R;
2.89 + 1.2Qcm? n = 3 and at t = 240 min was R, 4.2 + 2.7 Q:cm?
n = 15. These data indicate that the addition of the trypan blue did not
disrupt the cellular barrier.

The transport of trypan blue across the cell barrier was (Fig. 1)
assessed by determining the main effect of the presence or absence of
the cell barrier and the main effect of time by two-way ANOVA. There
was a significant main effect of the presence of the cell barrier
(F1,16 = 6762; p < 0.0001). There was a significant main effect of time
(F3,16 = 952.1; p < 0.0001). There was also a significant interaction
(F316 = 520.2; p < 0.0001). Post-hoc analysis revealed significant
(t = 13.02, 35.38, 48.93, and 67.14) reductions of trypan blue passage
across the cell barrier at 1, 2, 3 and 4 h. The effect sizes (Eta®) for these
main effects and this interaction were 0.60, 0.26, and 0.14, respec-
tively. There was significant reduction in the transport of trypan blue in
the presence of the cell barrier at all time points (p < 0.001 at all time
points).

3.2. FITC transport

Transport of FITC in brain targeting nanoparticles across the arti-
ficial BBB barrier (Fig. 2) was assessed by determining the main effect
of the presence or absence of the cell barrier and the main effect of time
by two-way ANOVA. There was no significant main effect of the barrier
(F1,16 = 0.79; p < 0.3844). There was a significant main effect of time
(F3,16 = 16.90; p < 0.0001). The effect size (Eta®) for this main effect
was 0.73. There was no significant interaction between these factors
(F3,16 = 0.7816; p < 0.5214). Post-hoc analysis revealed (t = 0.7860,
0.8593, 0.7654, 1.097) no significant differences due to the presence of
the cellular barrier at any time point. There were no significant dif-
ferences in transport of FITC in brain targeting nanoparticles due to the
presence or absence of the cell barrier, indicating that the brain tar-
geting particles rapidly surmount the barrier, most likely through active
transport across this barrier. The resistance of the cellular barrier
(BEND3 cells) at the first sampling point (t = 60min) was R
107.28 * 31.7Q-cm? (n=5), and at the end of the experiment
(t = 240 min), it was R, 127.22 + 28 Q-cm® (n = 5). Without the cel-
lular barrier, the resistance of the cellular barrier at the first sampling
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Fig. 2. Transport of fluorescein isothiocyanate (FITC) encapsulated in Tf-coated
nanoparticles across the artificial blood-brain barrier formed by BEND3 cells.
The extent of transport was assessed by quantifying the fluorescence intensity of
FITC using a fluorescent spectrophotometer at an excitation wavelength of
485nm and an emission wavelength of 528 nm. All points represent the
mean + SEM, and any points without error bars indicate instances in which
the SEM is encompassed by the data point. Abscissae: Hours following the in-
troduction of the FITC dye to the left compartment of the Ussing chamber.
Ordinates: Percentage of FITC that crossed to the right side of the Ussing
chamber normalized to the amount remaining on the left side. All assessments
were conducted in triplicate.
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Fig. 3. Extent of uptake Indocyanine green (ICG) dye in the brain when given
alone or in either transferrin (Tf) or rabies virus glycoprotein (RVG)-coated
nanoparticles through intranasal administration in Swiss-Webster mice. The
integrated intensity of the dye in the brain was determined using a LI-COR
Odyssey bioimager at 800 nm. TOP: Time course of ICG uptake in brain.
BOTTOM: Area under the curve determined across the individual mice. All
points represent the mean *+ SEM, and any points without error bars indicate
instances in which the SEM is encompassed by the data point. Abscissae: Hours
following intranasal administration of ICG (top) or treatment condition
(bottom). Ordinates: Integrated uptake of ICG in brain expressed in raw values
(top) or as the area under the curve (bottom). All assessments were conducted
in triplicate. * = p < 0.05 as assessed by one-way analysis of variance and
Dunnett's post-hoc test in comparison to ICG alone.

point (t = 60 min) was R; 5.03 + 1.8 Q-cm? (n = 5), and at the end of
the experiment (t = 240 min), it was t = 240 min R, 10.8 + 2 Q-cm?
(n =5).

3.3. Bioimaging

The time course of brain uptake of ICG alone or ICG in each of the
two formulations was determined. The area under the curve (AUC) of
the time course in each animal was determined and tabulated for sta-
tistical analyses. One-way ANOVA revealed a significant main effect of
treatment (Fy 12 = 5.098; p < 0.0250) on brain penetrance of ICG
nanoparticles (Fig. 3). The effect size (Eta®) for this main effect was
0.46. Post-hoc analysis by Dunnett's test revealed that OT in RVG-
conjugated nanoparticles (q = 2.960) at a concentration of 6.7 ug and
OT in Tf-conjugated nanoparticles (q = 2.518) at a concentration of
6.7 ug were significantly different from ICG solution group.
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Fig. 4. Concentration of oxytocin (OT) in cerebrospinal fluid (CSF) or plasma
2 h after intranasal administration of vehicle, OT alone, or OT encapsulated in
rabies virus glycoprotein (RVG)-coated nanoparticles. Levels of OT in CSF fol-
lowing vehicle administration are not shown as they were below the limit of
detection. TOP: Concentration of OT in the CSF. BOTTOM: Concentration of OT
in the CSF. OT levels were determined in CSF and plasma by ELISA. Abscissae:
Treatment condition. Ordinates: Concentration of OT in CSF (top) or plasma
(bottom). All assessments were conducted in duplicate. * = p < 0.05 as as-
sessed by unpaired t-test.

3.4. Plasma and CSF analysis

Consistent with the bioimaging data, 2 h after intranasal adminis-
tration, we observed significantly higher levels of OT in CSF (t = 7.501;
p < 0.05) when it was administered in RVG-conjugated nanoparticles
compared to when it was administered alone (Fig. 4, TOP). The effect
size (Cohen's d) for this was 11.00. This comparison was only made for
OT treatments as the CSF levels of OT were below the limit of detection
following vehicle treatment. For the plasma analysis, the vehicle
treatment showed a detectable level of OT. One-way ANOVA revealed a
significant main effect of treatment (Fp 5 = 14.35; p < 0.05) on plasma
levels of OT (Fig. 4, BOTTOM). The effect size (Eta®) for this main effect
was 0.91. Post-hoc analysis by Tukey's test revealed that intranasal
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Fig. 5. Dyadic social interactions following delivery of oxytocin (OT) alone or
in either transferrin (Tf) or rabies virus glycoprotein (RVG)-coated nano-
particles through intranasal administration in Swiss-Webster mice. Social in-
teractions were assessed over a period of 10 min and were observationally
scored using 6-point scale. TOP: Social behavior assessed 2 h after OT admin-
istration. BOTTOM: Social behavior assessed 3 days after OT administration
using identical procedures to the acute test (including 120 min of separation).
Abscissae: Treatment condition. Ordinates: Time in seconds spent in any social
interaction. * = p < 0.05 compared to vehicle; ** = p < 0.01 compared to
vehicle; # = p < 0.05 compared to oxytocin alone as assessed by one-way
analysis of variance and Tukey's post-hoc test.

administration of free OT resulted in significantly higher levels of OT
(q = 7.568) in plasma compared vehicle treatment. There was no sig-
nificant difference in plasma CSF levels between vehicle treatment and
administration of OT in RVG-conjugated nanoparticles (q = 3.487) or
between administration of free OT or OT in RVG-conjugated nano-
particles (q = 4.081) Nanoparticle encapsulation resulted in a sig-
nificant increase in CSF levels of OT, in the absence of a significant
increase in plasma levels. It is important to note, however, that there
remains some OT that continues to make it to the plasma even with
nanoparticle encapsulation, especially when one considers the larger
volume of distribution in plasma compared to CSF.

3.5. Social behavior

One-way ANOVA revealed a significant main effect of treatment
(F3 32 = 8.897; p < 0.0002) on murine social interactions (Fig. 5,
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TOP). The effect size (Eta®) for this main effect was 0.45. Post-hoc
analysis by Tukey's test revealed that OT in RVG-conjugated nano-
particles (q = 4.530) or Tf-conjugated nanoparticles (q = 6.182) at a
concentration of 50 pug was significantly different from vehicle. Post-hoc
analysis also showed that OT in Tf-conjugated nanoparticles
(q = 5.317) was significantly different from 50 ug of OT alone. One-
way ANOVA of social behavior 3 days after treatment revealed a sig-
nificant main effect (F33, = 8.897; p < 0.0001) of treatment on
overall social interactions (Fig. 5, BOTTOM). The effect size (Eta?) for
this main effect was 0.74. Post-hoc analysis by Tukey's test revealed
that OT in RVG-conjugated nanoparticles (q = 8.757) or Tf-conjugated
nanoparticles (q = 10.14) was significantly different from vehicle.
Moreover, OT in RVG-conjugated nanoparticles (q = 8.871) or Tf-
conjugated nanoparticles (q = 10.27) was significantly different from
OT alone. General Investigation has been previously reported to be the
dominant social parameter (Curry et al., 2018) when mice are given the
highly prosocial and brain penetrant small molecule 3,4-methylene-
dioxymethamphetamine (MDMA) (Dumont et al., 2009), which is
known to release OT (Harris et al., 2002; Murnane et al., 2010;
Murnane et al., 2012; Thompson et al., 2007). Consistent with those
data, the dominant social behavior in our mice was general investiga-
tion both after acute administration of nanoparticle encapsulated OT
and 3 days later. One-way ANOVA revealed a significant main effect
(F3,32 = 4.336; p < 0.0113) of treatment on general investigation
following acute treatment (Fig. 6, TOP). The effect size (Eta?) for this
main effect was 0.29. Post-hoc analysis Tukey's test revealed that OT in
RVG-conjugated nanoparticles (q = 4.460) was significantly different
from vehicle. OT in RVG-conjugated nanoparticles (q = 4.043) was
significantly different from OT in Tf-conjugated nanoparticles. After
3 days, there was a significant main effect of treatment (F3 3 = 43.84;
p < 0.0006) on general investigation (Fig. 6, BOTTOM). The effect size
(Eta?) for this main effect was 0.80. Post-hoc analysis revealed that OT
in RVG-conjugated nanoparticles (q = 10.41) or Tf-conjugated nano-
particles (q = 12.91) was significantly different from vehicle. Also, OT
in RVG-conjugated nanoparticles (q = 9.575) or Tf-conjugated nano-
particles (q = 12.00) was significantly different from OT alone.

4. Discussion

In the present study, we evaluated transport of OT-like large mo-
lecules using our functionalized nanoparticle technology in a cell-cul-
ture model of the BBB and in vivo using bioimaging. We determined the
efficacy of OT in two different brain targeting and sustained-release
formulations in a mouse model of social behavior. We found that our
nanoparticle formulation increases BBB transport both in vitro and in
vivo. Moreover, nanoparticle-encapsulated OT administered in-
tranasally exhibited greater pro-social effects both acutely and 3 days
after administration relative to OT alone. Both Tf and RVG nano-
particles produced robust acute and sustained elevations in overall
social behavior that were comparable in their magnitude to each other.
These acute prosocial effects were also in near agreement in their
magnitude to those of MDMA in mice (Curry et al., 2018) and MDMA in
rats (Morley et al., 2005; Thompson et al., 2007), which is a strongly
prosocial and brain penetrant small molecule that elicits release of OT
(Harris et al.,, 2002; Murnane et al., 2010; Murnane et al., 2012;
Thompson et al., 2007). Interestingly, the two different brain targeting
ligands differed in the nature of the pro-social effects that they elicited,
with RVG selectively increasing general investigation and Tf increasing
a mixed response of general investigation in some subjects and adjacent
lying (data not shown) in other subjects with acute administration.
Previous studies have shown that acute MDMA administration selec-
tively increases general investigation in mice (Curry et al., 2018) but
has more of a mixed response between general investigation and ad-
jacent lying in rats (Morley et al., 2005; Thompson et al., 2007). It is
important to note that both animals in the dyadic social interactions
were dosed with the OT. This makes it difficult to elucidate the
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Fig. 6. Assessment of the general investigation component of dyadic social
interactions following delivery of oxytocin (OT) alone or in either transferrin
(Tf)- or rabies virus glycoprotein (RVG)-coated nanoparticles through in-
tranasal administration in Swiss-Webster mice. TOP: Social behavior assessed
2 h after OT administration. BOTTOM: Social behavior assessed 3 days after OT
administration using identical procedures to the acute test (including 120 min
of separation). Abscissae: Treatment condition. Ordinates: Time in seconds spent
in general investigation. * = p < 0.05 compared to vehicle; ** =p < 0.01
compared to vehicle; # = p < 0.05 compared to oxytocin alone as assessed by
one-way analysis of variance and Tukey's post-hoc test.

mechanisms through which OT is changing social behavior. However,
this approach was chosen to establish the proof of principle that this
technology is effective. Furthermore, it should also be recognized that
the same animal was assessed repeatedly in the social behavior ex-
periments. As such, it is possible that the acute administration of OT led
to persistent changes in the brain or that the experience itself led to
persistent increases in social behavior, in contrast to the hypothesis that
the OT remained functional after 3 days. Studies consistent with this
possibility have been reported recently (Price et al., 2017; Rilling et al.,
2017). We are now prepared to tackle such issues as this proof of
principle study allows for nanoparticle encapsulation to be applied in
future studies to rigorously study the role of OT in social behavior,
other behaviors, and other CNS-mediated effects.

It is possible that any observed differences between the RVG and Tf
brain targeting ligands may be due to the kinetics of brain transport or
the kinetics of release of OT from BSA conjugated to these ligands. This
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is particularly true for formulations that are delivered intranasally as Tf
receptors are highly expressed on nasal mucosa, and enhanced trans-
port across the nasal mucosa may provide access to the BBB, which also
expressed Tf receptors. For example, a previous study showed that
conjugation of Tf to a model HIV antigen allows Tf to retain its high
affinity for its receptor, that the conjugate was specifically transported
across the nasal mucosal epithelial barrier, and that it achieves sig-
nificantly higher and robust antibody titer levels compared to the un-
conjugated antigen (Mann et al., 2012). Likewise, transportation,
transfection efficiency, and growth factor inhibition were tested in the
bovine nasal epithelia using several formulations of an anti-vascular
endothelial growth factor interceptor plasmid, and supporting the use
of PLGA and Tf conjugation, it was reported across all measures that the
rank order of effectiveness was as follows for various nanoparticle
formulations: Tf-PLGA > deslorelin-PLGA > PLGA > plasmid alone
(Sundaram et al., 2009). In conjunction with the literature demon-
strating the viability of Tf as a brain targeting ligand, these data specific
to the nasal epithelium provide particular support for its use for in-
tranasal delivery. RVG, on the other hand putatively binds to nAChRs
on the BBB to engage brain uptake of drug formulations (Kim et al.,
2013; Liu et al.,, 2016). Reverse transcription-PCR has shown that
several non-neuronal nAChR subunits are expressed in the nasal mu-
cosa, including alpha and beta subunits (Keiger et al., 2003). There is
evidence that nAChRs are expressed at significant densities on nasal
trigeminal nerve endings of the rat, suggesting an anatomical dis-
tribution of these receptors that may facilitate direct bypass of the BBB
(Alimohammadi and Silver, 2000). Intranasal inoculation of the rabies
virus is believed to allow the virus to directly access the brain via the
olfactory epithelium, either along the olfactory nerve or the trigeminal
nerve (Lafay et al., 1991; Terryn et al., 2014). It is also possible that
differences in behavioral outcomes between these two brain targeting
ligands may be mediated by differential pharmacokinetics in the release
profile from the particle matrix. BSA is biodegradable and as its
polymer shell is degraded in a biological matrix the OT gets released in
a controlled manner, upon which it is now free to act upon its receptor
targets. The glutaraldehyde crosslinking slows down the rate of de-
gradation. We have determined in vitro using a plasma matrix that re-
lease from BSA particles does vary based on whether they are con-
jugated to RVG or Tf (Zaman et al., 2018), but it remains to be
determined whether this varies in vivo.

Drugs have been administered through the intranasal route of ad-
ministration for millennia. However, interest in intranasal drug delivery
has been growing in recent years, particularly with the promise of in-
tranasal OT for ASD. Intranasal delivery is particularly favorable when
adverse or other factors limit oral dose delivery or when increased brain
penetrance is desirable. Possible mechanisms through which in-
tranasally delivered OT gets to the brain include a direct access via
extraneuronal/perineuronal routes along the trigeminal or olfactory
nerve pathway. This route not only gives access to the CSF but also
hippocampus and amygdala (Chen et al., 1998), which are rich in
oxytocin receptors (Gimpl and Fahrenholz, 2001; Lin et al., 2017;
Zoicas et al., 2014). Extraneuronal/perineuronal transport may be
particularly useful for RVG nanoparticles as OT released after biode-
gradation of the BSA polymer shell will have immediate access to
oxytocin receptors and the RVG may enhance delivery along these
routes. In addition to receptor-mediated transcytosis, other mechanisms
that could possibly provide for rapid brain penetrance following in-
tranasal delivery include bulk flow, lymphatic channel, interneuronal
transport and active or passive transport from vasculature. Further-
more, it is possible that some of the central effects of intranasally ad-
ministered OT may be due to stimulation of endogenous OT system in
addition to availability of OT within the brain.

The development of intranasal OT delivery is a significant advance
in the field of ASD research. Our intention is not to downplay or replace
this advance. We hope that our formulation strategy will support the
development of intranasal OT therapy, and allow it to fulfill its promise.
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A significant body of research reports key limitations with the in-
tranasal delivery of OT alone (Leng and Ludwig, 2016). It is well known
that OT is rapidly metabolized in both blood and cerebrospinal fluid
(CSF). OT activates a plethora of systems in the periphery, most notably
in the uterus, but in other organ systems as well. It is therefore im-
portant that intranasal OT should achieve the best possible ratio of
brain to blood levels. Previous work in rodents, primates, and humans
indicates that the doses required to achieve brain penetration may in-
duce supraphysiological effects in the periphery (Born et al., 2002; Dal
Monte et al., 2014; Leng and Ludwig, 2016; Modi et al., 2014;
Robertson et al., 1970; Striepens et al., 2013). This problem may not be
addressable without a brain penetrance enhancer, as based on these
studies, the calculated maximum transfer of a dose of OT to the brain
within 1h of intranasal delivery is 0.005% (Leng and Ludwig, 2016).
Our nanoparticle delivery system provides at least two significant ad-
vantages over intranasal delivery of OT alone. 1) It sustains the release
of the peptide and therefore likely limits the potential for repeated
bolus activation of peripheral systems following the frequent dosing
that would likely be required for intranasal OT in the absence of a
sustained release formulation. 2) It targets a greater proportion of the
OT to the brain, both during the initial application and during any
subsequent passes in the blood circulation that contacts the BBB, which
increases the proportion in the brain relative to the periphery and may
reduce the required dose.

It is important to note that blood measures of OT have undergone
considerably scrutiny and controversy, particular when determined
from unextracted samples as we did in the present study (McCullough
et al., 2013), and when they are used as a biomarker for central levels
(Lefevre et al., 2017). Our data are in agreement with this assertion as
nanoparticle encapsulation differentially modified OT levels in the
peripheral and central compartments. It is therefore important that we
measured the central compartment and found significant elevations in
OT in the CSF. Our in vitro and in vivo data support these contentions
and will allow us now test the therapeutic potential of this technology
in specific disease-state animal models. However, more studies have to
be done to ascertain the effects of OT using our delivery system in both
males and females as well as its effects when delivered chronically.
Notwithstanding this caveat, the multimodal data presented in this
study strongly support the use of our approach to developing a brain
targeting and sustained-release formulation of OT. This formulation can
now be used to support intranasal delivery of OT and potentially other
neuropeptides for both therapeutic endpoints as well as the rigorous
study of behavior.
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