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Abstract

Due to the heterogeneous nature of autism, treatment will likely only ame-
liorate symptoms in a subset of patients. To determine what might contribute
to response susceptibility, we chronically treated the 16p11.2 deletion, Shank3
(exon 4-9) knockout, and Fmr1 knockout mouse models with intranasal oxy-
tocin. Intranasal oxytocin was administered daily, for 28 days, starting at 5
weeks of age. The behavior of the mice was assessed in multiple domains:
repetitive behaviors (as assessed by grooming), sociability (three chamber so-
ciability task), anxiety and hyperactivity (open field), and learning and motor
coordination (rotarod). The mice underwent three in vivo longitudinal MRI
scans and a final high resolution ex vivo scan to assess the changes in neu-
roanatomy in response to treatment. No significant effect of treatment was
found on social behavior in any of the strains, although a significant effect of
treatment was found in the Fmr1 mouse, with treatment normalizing a groom-
ing deficit. No other treatment effect on behavior was observed that survived
multiple comparisons correction. Treatment effect on the neuroanatomy did
not reach significance. Overall, chronic treatment with oxytocin had lim-
ited and modest effects on the three mouse models related to autism, and no
promising pattern of response susceptibility emerged.
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1 Introduction
Autism spectrum disorder (ASD) is a very heterogeneous neurodevelopmental

disorder, characterized by impaired social communication and repetitive behaviors.
To date, there is no pharmacological treatment to improve the social/communication
deficits in autism patients.1,2 One promising pharmacological treatment for these
social communication deficits is oxytocin.

Oxytocin is a neuromodulator, used in humans commercially to induce labor,
but is known for its social effects. Clinical trials have shown that oxytocin induces
anxiolytic and anti-depressant effects, to promote social recognition.3 Oxytocin
also leads to enhanced processing of social stimuli, by increased in-group trust,
increased emotion recognition, and increased eye contact.4 Oxytocin has been shown
to increase activity in brain structures involved in processing socially meaningful
stimuli.5 Oxytocin also has numerous brain targets, including but not limited to
the amygdala, hippocampus, hypothalamus, and nucleus accumbens. Therefore, it
may be postulated that treatment with oxytocin would normalize social behaviors
and memory, while decreasing anxiety and parasympathetic activation (fear/stress).3

Oxytocin treatment has recently also been considered in autism for reasons other
than its social effects.1,2 Namely, the oxytocin gene has shown aberrations in genetic
association studies of ASD;6–9 ; a reduction of oxytocin mRNA has been shown in
the temporal cortices of individuals with ASD;7 variation in the oxytocin receptor
(OXTR) gene differentially effects the neuroendophenotype of youth with ASD;10
and, abnormal oxytocin blood levels have also been measured in individuals with
ASD.11–13 All of these instances point to the potential for oxytocin to improve aspects
of ASD.

A number of existing studies have investigated the effects of oxytocin in autism
and related animal models. In mice, knockout of the oxytocin receptor caused a
resistance to change and social deficits (behaviors characteristic of autism), which
was normalized after acute treatment with oxytocin.14 Subchronic oxytocin ad-
ministration in strains of mice with social deficits or repetitive behaviors increased
sociability in both strains.15 Social behavior in a genetic mouse model of autism
was restored by oxytocin treatment.16 Multiple studies have shown an increase in
emotion recognition abilities and increased ability to process socially relevant cues
in animal models of autism administered a single dose of oxytocin.17 A relatively
small study (n=19) of chronic administration of oxytocin in individuals with autism
found improvements in measures of social cognition and quality of life.1

However, there are several shortcomings in our current understanding of oxy-
tocin as a potential pharmacological treatment for ASD. First, although there is
an extensive wealth of literature on the acute effects of oxytocin, few studies have
investigated the chronic effects. Given the lifelong nature of the disorder and its
symptoms, chronic treatment is likely the only way amelioration of autism symp-
toms would occur.

Moreover, there is a gap in our knowledge surrounding oxytocin’s effects on
the brain. Some studies have shown that oxytocin attenuates amygdala response
to faces, regardless of valence.5 Other studies found, using functional magnetic
resonance imaging (fMRI) that oxytocin enhanced brain function (multiple regions)
in children with ASD.4 As mentioned before, oxytocin receptor locations are known,3
but our understanding of where the drug goes after administration is limited.
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This problem is further exacerbated by the pharmacology of oxytocin. The
neuropeptide is too large to cross the blood brain barrier and has a very short
half-life.18 Therefore, an administration method is needed that quickly and directly
allows oxytocin to enter the brain. Though methods like intracerebroventricular
(ICV) infusion and peripheral injections have been used in animal models, there is a
need for a method that is easily employed by humans (as opposed to the intravenous
(IV) lines used for labour induction). Intranasal administration allows for simple,
non-invasive treatment that circumvents the issues with the blood brain barrier and
is easily used both in humans and in mice.18

Importantly, given the substantial heterogeneity of ASD, there is a need for stud-
ies to delineate phenotype-based subsets that may respond to oxytocin treatment.19
This is perhaps best demonstrated by Engelman and colleagues (2008) in their co-
clinical study of lung cancer.20 A clinical trial of a promising therapeutic failed to
show treatment effect in their population. They simultaneously treated three differ-
ent genetic knockout mouse strains, with the same treatment used in humans. The
group realized that two of the strains responded 100% to the treatment, while one
did not. Armed with this genetic information, they divided the clinical population
into subsets by genotype and found that, in fact, all the patients not carrying the
genetic mutation of the non-responder mouse model improved with the treatment.
To this end, a study is necessary that incorporates numerous phenotypes across
multiple mouse lines, and also makes use of multivariate analyses to inform clinical
trials, all in the context of ASD.

Numerous studies have spoken to the utility of magnetic resonance imaging
(MRI) in the stratification of ASD individuals into biologically homogeneous sub-
groups.19,21–24 Magnetic resonance imaging (MRI) offers the ability to quantify
the structural phenotype of both mice and humans, allowing for whole brain cov-
erage and translatability to human imaging studies, both in acquisition and analy-
sis.23,25–28 It also affords the additional advantages of high-throughput, having a link
with behavior,25,29–31 showing evidence of plasticity with exposure,32,33 and having
sensitivity to the neurological effects of interventions like drugs.32–41

To explore if we could understand patterns of response in mice, we executed a
mouse study in parallel, akin to a co-clinical trial. Specifically, a large randomized,
double-blind, placebo-controlled, preclinical study on chronic intranasal oxytocin
treatment in three different mouse models related to autism was performed. A
wide range of behavioral and neuroanatomical phenotypes were assessed, in a high-
throughput method of treatment evaluation.

2 Methods

2.1 Subjects

Three in-bred strains of autism mouse models were used: the 16p11.2 heterozy-
gous knockout (B6129S-Del(7Slx1b-Sept1)4Aam/J; JAX #013128)42(henceforth re-
ferred to as "16p"), the Fmr1 hemizygous knockout (FVB.129P2-Pde6b+ Tyrc-
ch Fmr1tm1Cgr/J; JAX #004624)43(henceforth referred to as "Fmr1"), and the
Shank3 exon 4-9 (ANK domain) homozygous knockout (B6(Cg)-Shank3tm1.2Bux/J;
JAX #017890)44(henceforth referred to as "Shank3"). The mice were on the fol-
lowing background strains, respectively: B6129SF1/J (JAX #101043)(henceforth
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referred to as "129"), FVB.129P2-Pde6b+ Tyrc-ch/AntJ (JAX #004828)(hence-
forth referred to as "FVB"), C57BL/6J (JAX #000664)(henceforth referred to as
"C57").

(a) Totals- Behavior

Strain Total Oxytocin Placebo
16p 30 15 15
129 29 15 14

Fmr1 29 14 15
FVB 30 13 16

Shank3 36 17 19
C57 26 12 14

(b) Totals- Sociability

Strain Total Oxytocin Placebo
16p 14 9 5
129 17 10 7

Fmr1 18 8 10
FVB 18 10 8

Shank3 29 13 16
C57 19 10 9

Table 1: Tables depicting the sample size in each strain, broken down by
treatment. A minimum of n=14 was aimed for per genotype, per strain, per
treatment. Table (a) shows the samples for all behaviors except sociability. Ta-
ble (b) shows the reduced sample size due to failed acquisition in the sociability
tri-chamber test.

Totals- Imaging

Timepoint 5wks 8wks 9wks Ex vivo
Strain Oxy Pl Oxy Pl Oxy Pl Oxy Pl
16p 6 6 6 9 10 10 15 15
129 3 9 7 8 9 12 14 15

Fmr1 10 8 11 9 11 7 15 14
FVB 14 14 14 12 12 10 16 13

Shank3 19 16 19 16 18 12 19 17
C57 13 11 14 12 12 12 14 12
Table 2: Table depicting the number of images that passed quality control at
each imaging time point in each strain, broken down by treatment. A minimum
of n=14 was aimed for per genotype, per strain, per treatment. Although all
mice were scanned at all time points, some images were excluded due to motion
artifacts or low SNR.

Active colonies for each strain were maintained at The Center for Phenogenomics
(TCP). Breeders were set up to yield control litter-mates for each strain. Mice were
group housed, and an attempt was made to achieve a sample size of 14 male mice
per genotype, per strain, per treatment (Table 1). Data was collected and analyzed
for all mice for all behavioral tests, except for sociability. Technical issues lead to
the loss of approximately 40% of the social behavior data, reduced sample sizes are
displayed in Table 1b.

All studies and procedures were approved by the TCP Animal Care Committee,
in accordance with recommendations of the Canadian Council on Animal Care, the
requirements under the Animals for Research Act, RSO1980, and the TCP Com-
mittee Policies and Guidelines. Mice were maintained under controlled conditions
(25 C, 12 hour cycle) at TCP in sterile, individually ventilated cages and were pro-
vided standard chow (Harlan, Teklad Global) and sterile water ad libitum via an
automated watering system.
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Figure 1: Time-line illustrating the project design. Green indicates the life
of the mice, yellow indicates treatment administration, blue indicates period
of behavioral testing, while red indicates occurrences of magnetic resonance
imaging (MRI).

2.2 Experimental Time-line

The experimental time-line is outlined in Figure 1. At five weeks of age, mice un-
derwent in vivo manganese-enhanced magentic resonance imaging (MEMRI) scan-
ning and were randomly assigned to a treatment group (oxytocin or placebo) such
that the experimenter remained blinded. Mice were treated everyday, for 28 days
total. After an in vivo MEMRI scan at postnatal week 8, mice were assessed on
four different behavioral paradigms, while still receiving treatment. At nine weeks of
age, the mice were scanned with in vivo MEMRI once more, perfused, and scanned
ex vivo at a later time-point. The study was designed to be an exploratory study
and therefore no primary outcome was defined before the study started.

2.3 Oxytocin Treatment

Oxytocin (Sigma-Aldrich) was dissolved in saline and administered intranasally
everyday for 28 days. Each morning, between 10am and 11am, the mice received
a volume of 10ul, a dose of 0.6 IU. This dose was chosen to be 0.6IU, too low to
produce peripheral effects and similar to the quantity used in humans.45 Control
mice received the same quantity of saline (placebo). A similar protocol was used
as Huang et al (2014):17 a 200-ul Eppendorf pipette was used for administration,
and drops of the solution were gently placed equally on both nostrils of each mouse.
The primary experimenter was blinded to treatment and genotype, and was only
unblinded at the time of analysis, when experiments were over.

2.4 Behavioral Phenotype

On the third week of treatment, the mice were assessed for repetitive behaviors
(as assessed by grooming), social behaviors (three chamber sociability task), anxi-
ety and hyperactivity (open field), learning and motor coordination (rotarod), and
memory (novel object recognition).

2.4.1 Statistics

Behavioral data was analyzed using the R statistical language (R Core Team,
2016).46 The data was assessed in two ways, to look at a general treatment effect
across genotypes and background strains, as well as within strain.

In the former, a linear mixed effects model was used, because they incorporate
both fixed and random effects and are useful for longitudinal data, as well as un-
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balanced study designs47,48 (see Vousden et al 201849 and Qiu et al 201850 for fuller
explanations on similar data). In this case, linear mixed effects models were created
and compared using log-likelihood tests to determine the effect of genotype (defined
as wildtype, 16p, Fmr1, or Shank3 ) and treatment, and their interaction on each
behavioral test (see Equation 1). Random intercepts for each background strain
were incorporated.

yij = β0 + β1Genotype+ β2Treatment+ β3Genotype:Treatment+ biStraini + εij

where Genotype is defined as wildtype, 16p, Fmr1, or Shank3,
and Strain is defined as 129, FVB, or C57,

and yij is the jth measurement of the dependent variable for strain i.

(1)

Additional information regarding treatment response and genotype effect was
assessed by subsetting by background strain (129, FVB, C57) and using traditional
linear regression analysis (see Equation 2). For each strain, separate linear models
were created and compared using ANOVA, to determine whether a particular fixed
effect (treatment, genotype, or their interaction) significantly improved the model.
The distribution within strain of each behavioral test was also assessed and corrected
for, before analysis. The genotype effect was used to compare to existing behavioral
literature. All data was corrected for multiple comparisons using false discovery rate
(FDR) correction,51 with p-values pooled by treatment, genotype, and interaction
independently.

yi = β0 + β1Genotype+ β2Treatment+ β3Genotype:Treatment+ εi

where Genotype is defined as wildtype or mutant,
and one model was created for each of the background strains,

and yi is the measurement of the dependent variable for mouse i.

(2)

To explore the multivariate nature of the project, principle component analysis
(PCA) was employed. Due to the reduced sample size in the sociability data, anal-
yses were done on two sets of the data: 1) all mice that had grooming, open field,
and rotarod data ("all mice, no sociability data")(see Table 1a), and 2) the subset
of mice that had grooming, open field, rotarod, and sociability data ("subset of mice
that have sociability data")(see Table 1b).

2.4.2 Behavioral Tests

A description of each of the behavioral tests follows,52,53 in the order they were
performed:

Sociability The three-chambered sociability apparatus consists of a rectangu-
lar box with three chambers, with a wire cup placed in either side chamber. The
mouse is habituated for 10 minutes during which it can access all three chambers.
After this time, a novel stranger mouse is placed under a wire-cup in one of the side
chambers. The mouse is observed for an additional 10 minutes during which mea-
sures such as time (s) spent in each of the three chambers, specifically near/sniffing
the wire cups (near the novel mouse) are observed using an overhead video system,
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manually scored, and then compared. Mice that are not considered social spend
either an equivalent amount of time between the two cups or show a preference for
the empty cup (away from the novel mouse).

Rotarod The rotarod test was run on a system (Rota-rod/RS, Panlab, Harvard
Apparatus) with the capacity to run up to five mice at a time (though no more than
three were ever run). For the rotarod test, mice go through two types of trials, pre-
trials and test-trials, over two days. Pre-trials are sessions where the mice are allowed
to learn how to stay on the rod for 10s, when it is only rotating at 4 revolutions
per minute (rpm). The number of attempts it takes before the mouse stays on the
rod for the entire duration is recorded. Latency to fall off the rod is the primary
measure of the rotarod test. The mice are given three trials of a total possible five
minutes for each trial. The rod starts off at 4rpm and slowly accelerates over the
course of 5 minutes. The latency (s) to fall off the rod is recorded, averaged, and
compared. Mice that either have a learning and memory deficit or a motor deficit,
perform worse on one or both measures when compared to wildtype controls.

Grooming For the grooming test, the mice are placed into an empty standard
cage (Green Line IVC Sealsafe PLUS Mouse, Techniplast) for ten minutes (habitu-
ation). The following ten minutes, mice are placed into a different, empty, standard
cage and observed for grooming behaviors. Primary measures are duration of groom-
ing bouts (s) as well as number of grooming bouts. Mice with a repetitive behavior
phenotype spend significantly more time grooming, with more bouts of grooming,
than wildtype controls.

Open Field The open field test consists of 10 minutes of testing, where the
mouse is placed in an empty box (area=44cm2) and allowed to roam free for the
duration of the test. The mouse’s motion is recorded by a system (Activity Monitor
7, Med Associates Inc, Fairfax VT) and primary measures investigated are time (s)
spent in the center (decreased anxiety) and total distance (cm) moved (hyperactiv-
ity).

It should be noted that mice underwent a fifth behavioral test during the study
(after the other behavioral tests), the novel object recognition test. This data was
removed from the analysis in it’s entirety once it was discovered that the tracking
software was not accurately capturing the mouse’s behavior.

2.5 Neuroanatomical Phenotype

Mice were injected in their intraperitoneal (I.P.) cavity with a manganese (Mn)
contrast agent up to 24 hours before the scan. A multi-channel 7.0T magnet (Agilent
Technologies) was used that allows up to 7 animals to be scanned simultaneously.
The mice were anesthetized using 1% isoflourane during T1-weighted scanning with
90 um isotropic resolution (TR=29ms, TE=5.37ms, 1 hour 52 minute scan time).
The animals’ breathing and temperature were monitored. Mice were imaged at 5,
8, and 9 weeks of age.

One ex vivo MRI scan was performed at least a month after the mice were
sacrificed.54 The procedure followed closely follows the procedure described in Lerch
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et al 201125 and Nieman et al 2018.28 To prepare the brains for scanning and enhance
contrast, a fixation and perfusion procedure was done as previously described in
Cahill et al 2012.55 The same multi-channel 7.0T magnet (Varian Inc, Palo Alto,
CA) was used, with the ability to scan up to 16 brains simultaneously. A T2-
weighted 3D fast spin echo sequence was used to yield an isotropic resolution of 40
um (cylindrical acquisition, TR=350ms, TE=12ms, 14 hour scan time).56

Data from both imaging types was analyzed using image registration and defor-
mation based morphometry approaches as described in Lerch et al (2011).25 Briefly,
images were linearly (6 parameter, then 12 parameter) and nonlinearly registered
together. At completion of this registration, all scans were deformed into alignment
with each other in an unbiased fashion. These registrations were performed with a
combination of MNI autoreg tools57 and ANTS (advanced normalization tools).58,59
The changes within regions and across the brain can be examined using deformation
based morphometry (DBM) and MAGeT (a multi-atlas registration-based segmen-
tation tool).60 An atlas that segments 159 structures in the adult mouse brain was
used for the in vivo image analysis, and the ex vivo analysis has further delineations
resulting in a total of 182 distinct regions.50,61–64 Segmentations of all brains passed
quality control by visual inspection (see Table 2).

2.5.1 Statistics

Data from both imaging methods was analyzed using the R statistical language
(R Core Team, 2016)46 using linear mixed effects models (Lmer).47,48 As with the
behavioral data, linear mixed effects models were used to determine the effect of
genotype (defined as wildtype, 16p, Fmr1, or Shank3 ) and treatment on the volume
for each region of interest (ROI) or voxel (Equation 3). Random intercepts for
each background strain were incorporated. A log-likelihood test was performed to
assess the significance of treatment and genotype, and their interaction. Data was
analyzed as absolute volumes as well as relative volumes by covarying for total brain
volume.65

To assess the effect of treatment on time, brain region volume at the 5 weeks in
vivo scan point was used to predict, along with genotype and treatment, the latter
brain region volumes (Equation 4). For simplicity, relative volumes were calculated
as proportion of total brain volume. Additional information about the genotype
effects was also analyzed by subsetting by background strain and assessing the main
effects of genotype (mutant versus wildtype) and treatment using linear models in
the ex vivo dataset (Equation 5). Multiple comparisons in the data from all analyses
was corrected for using false discovery rate (FDR) correction,51 with p-values pooled
by treatment, genotype, and interaction independently.

yij = β0 + β1Genotype+ β2Treatment+ β3Genotype:Treatment+ biStraini + εij

where Genotype is defined as wildtype, 16p, Fmr1, or Shank3,
and Strain is defined as 129, FVB, or C57,

and yij is the jth measurement of the dependent variable for strain i.

(3)
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LaterV olumeij = β0 + β1EarlyV olume+ β2Genotype+ β3Treatment

+β4Genotype:Treatment+ biStraini + εij

where Genotype is defined as wildtype, 16p, Fmr1, or Shank3,
and Strain is defined as 129, FVB, or C57,

and yij is the jth measurement of the dependent variable for strain i.

(4)

yi = β0 + β1Genotype+ β2Treatment+ β3Genotype:Treatment+ εi

where Genotype is defined as wildtype or mutant
and one model was created for each of the background strains,

and yi is the measurement of the dependent variable for mouse i.

(5)

3 Results

3.1 Chronic intranasal oxytocin treatment has little to no ef-
fect on the behavioral phenotype of autism-related mouse
models

No significant effect of oxytocin treatment was found on social behavior, regard-
less of strain or genotype when analyzing the sample as a whole (Figure 2A and E).
A significant effect of treatment was found when subsetting for the FVB background
strain, with treatment normalizing a deficit in the number of bouts of grooming in
the Fmr1 mouse model (q=0.012)(Figure 2B). No other effects survived correction
for multiple comparisons (see Figure 3A).

Without correction for multiple comparisons, when subsetting for background
strain, some trends for treatment were observed. Treatment appeared to decrease
the amount of time spent in the center of the open field in the 16p (p=0.048) and
the Fmr1 (p=0.086, non-significant interaction) mice (Figure 2F). Treatment also
had an interesting trending effect on the C57 mice (Shank3 control), by decreasing
performance on the rotarod pretrials (interaction p=0.070)(Figure 2C) and increas-
ing hyperactivity in the open field (interaction p=0.093), while not having an effect
on the Shank3 mutant mice (Figure 2D).

PCA was employed to further elucidate if a treatment effect was present that was
not captured in the individual behaviors but would be captured given a multivariate
analysis. Two analyses were run on separate subsets, the first on the full data-set
excluding social behaviors ("all mice, no sociability data")(see Table 1a), and the
second on the subset of mice that had social behaviors tested ("subset of mice that
have sociability data")(see Table 1b). The first two components accounted for 52.5%
and 48.2% of the total variance, respectively, of the two datasets (see Figure 3C,D).
Most of the behavioral tests exhibited negative values for principle component 1
(PC1), in both sets. In contrast, the pre-trials measure of rotarod and the average
duration of grooming bouts were positive in both sets. No distinct groups of variables
were distinguishable, although measures from the same behavioral test did coincide.
Overall, no pattern of treatment response was observed.
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Figure 2: Figures depicting treatment effect in each strain, by genotype. Blue
indicates mice treated with oxytocin, red indicates mice treated with saline
(placebo). Each point represents one mouse. Bars show mean ± confidence
interval (95%). Sociability data is shown both as (E) the raw time spent with
the mouse and cup, for each mouse by genotype and strain, as well as (A) a
ratio of time with stranger over total time with cup and stranger. (B) Number
of bouts of grooming in the mice, (C) number of pre-trials required to learn
rotarod, (D) distance travelled in the open field, and (F) time spent in the
sides (= total − center) of the open field are also shown.

3.2 Chronic intranasal oxytocin treatment has a trending ef-
fect on the neuroanatomy of autism-related mouse mod-
els

Chronic treatment with oxytocin had a weak and focused effect, only changing
the volume of the cerebellar peduncle superior and the endopiriform claustrum (in-
termediate nucleus) regions when assessing relative volumes (see Figure 5), across
all mouselines (using Equation 4). No other brain regions were significant with cor-
rection for multiple comparisons, but the pattern of treatment effect, as shown by
the voxel-wise analysis, shows alterations in several cerebellar regions, the cingulate
cortex, and, interestingly, several regions related to sensory/motor behaviors, like
the cuneate nucleus, the dorsal tenia tecta, and the superior olivary complex.

The ex vivo analysis (using Equation 3), showed no significant treatment effect
(see Figure 7), only a weak trend (FDR = 0.195) in the Shank3 interaction of
cerebellar lobule 9 (white matter). When assessing strain differences (using Equation
5), the Shank3 mice showed trending (FDR = 0.161) treatment effect in three regions
of the primary somatosensory cortex and the lateral ventricles. As seen in Figure
7, the genotype differences were significant and widespread, though more so for the
16p and Fmr1 mice.
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Figure 3: Table A shows the results of the log-likelihood tests assessing the
main effects of treatment and genotype, and their interaction from the linear
mixed effects models on the behavioral tests. Each of the behavioral tests are
shown, broken down by measure. The table is color-coded to show significant,
correct FDR values (<0.05) with a dark background, and trending (<0.10)
values with a grey background. Figures B and C show the results of the
PCA analyses, with the "all mice, no sociability data" set on the left (B) and
the "subset of mice that have sociability data" on the right (C). The names
of the PCA measures follow down along the table of measures. Specifically,
Grooming1 is "average duration" (the first row in the table), Grooming2 is
"number of bouts" (second row), Rotarod1 is "average pre-trials" (3rd row),
Rotarod2 is "average latency to fall" (4th), OpenField1 is "time in center"
(5th), OpenField2 is "distance travelled" (6th), Sociability1 is "raw time with
stranger" (7th), and Sociability2 is "ratio of time" (last row). As evident from
these tables and figures, little to no treatment effect was observed across the
multitude of behavioral phenotypic measures employed in this study.

4 Discussion and Conclusions
Chronic treatment with intranasal oxytocin produced subtle behavioural and

neuroanatomical effects across three different autism mouse models. No significant
effect of treatment was found on social behavior, although a significant effect of
treatment was found in the Fmr1 mouse, with treatment normalizing a grooming
deficit. No other treatment effect on behavior was observed that survived multiple
comparisons correction. No pattern of treatment effect was distinguishable when a
multivariate method (PCA) was employed. Treatment effect on the neuroanatomy
was modest, and primarily apparent when assessing relative volumes.

Although not statistically significant, the pattern of treatment effect in the brain
is particularly promising because many are regions that are associated with oxytocin
signaling and, moreover, have been implicated in autism pathogenesis. For example,
the brain stem and olfactory systems have large populations of oxytocin receptors,
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Figure 4: Figures depicting treatment effects of selected regions from in vivo
imaging. Figures A through C show the change in volume over time of the
cerebellar peduncle superior, the endopiriform claustrum, and the total brain
volumes. Figures D through G show a cross-sectional view of the brain region
volumes after 3-4 weeks of treatment, faceted by strain. To better see the
treatment effect, two of the figures (E and F) show relative volume of the
regions. With correction for multiple comparisons, no significant treatment
effect was seen on any region, though the cerebellar peduncle superior and
endopiriform claustrum (intermediate nucleus) showed trending (FDR=0.155)
effects (see 5). There were significant genotype differences across brain regions,
and overall brain volume.
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and we found (trending) treatment effects in the cuneate nucleus, the superior olivary
complex, and the dorsal tenia tecta, among other regions. The superior cerebellar
peduncle– a region found to have a trending treatment effect– is a white matter
tract that connects the cerebellum to the midbrain. A number of studies have
shown aberrations in the structure and function (See Crippa et al 201666 for review,
also Cheng et al 201067) of the superior cerebellar peduncle in autism. Moreover,
the cerebellum, as a whole, has been implicated in the ethiopathogenesis of autism
(for review, see Fatemi et al 2012,68 Crippa et al 201666). An elegant study in a
mouse model of autism demonstrated the important role of the cerebellum in autism-
related behaviors, including the therapeutic potential of cerebellar neuromodulation
in autism.69 The endopiriform claustrum, another region that was found to have a
trending treatment effect, is a part of the basal ganglia, the system known to regulate
repetitive behaviors. Although the exact function of the claustrum is unknown, it
is hypothesized that it plays a role in multisensory integration and is an important
relay nucleus to the cortex.70 Furthermore, a number of regions in the Shank3 mouse
model found to be affected by treatment, are related to sensation/perception. There
is a wealth of literature on the dysfunction of sensation/perception in autism (see
Robertson and Baron-Cohen (2017)71 for review). Overall, oxytocin’s effects on
these regions– although modest– are promising for the treatment of autism.

To compare to existing literature, the effect of genotype of the three mutant
mice was separately analyzed (see Equations 2 and 5). Without correction for mul-
tiple comparisons, all three mutant mice, for the most part, showed behavioral and
neuroanatomical differences that were expected based off previous literature. With
multiple comparison correction, this study moderately recapitulated existing litera-
ture.

There are many possible reasons this study did not see a significant effect of
treatment on behavior. Although many studies have investigated the promising
effects of oxytocin in autism and related models, the majority of those studies inves-
tigated the acute effects of treatment. One study in rodents found opposing results
for acute vs chronic oxytocin administration,17 while another specifically focusing
on the social effects of oxytocin, found that chronic administration actually hinders
some social behaviors in prairie voles.45 Furthermore, a study of chronic oxytocin
treatment in autism patients only found improvements on one secondary measure.1
As Huang et al (2014) put it, there seems to be a "translational hurdle" in the
movement of oxytocin from acute studies to chronic.17

Another possible issue for the lack of treatment effect may be due to the study
population. We chose to limit the study to older (adolescent/adult) mice to minimize
variability and increase our power. However, it is possible that a younger population
is needed to see the effects of oxytocin. For example, the association of the plasma
oxytocin levels in autism (that was mentioned earlier as a promising reason we
expect response to oxytocin) was found in children, and perhaps does not extend
to adults.13 Developmental processes occur during childhood that could impact the
effect of treatment response.72–74

Moreover, some limitations arose during this study. For example, the time-line
was designed to maximize high-throughput and therefore some potentially insight-
ful behavioral tests were omitted. Given the number of brain regions involved in
sensation/perception that showed changes due to treatment, a test that specifically

13

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 13, 2021. ; https://doi.org/10.1101/2021.01.13.426562doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.13.426562
http://creativecommons.org/licenses/by-nd/4.0/


Figure 5

Figure 6: Treatment effect in the in vivo data. Top (a) shows the results of
the volume-wise linear mixed effects model with main effects of treatment and
genotype, with a random intercept for each background strain (using Equa-
tion 4). FDR-corrected values are shown with black background indicating
significance (<10%) and grey background showing trends. Results from both
absolute and relative volume analyses are shown; in this case, relative volumes
of each region were calculated as proportion of the total brain volume. The
cerebellar peduncle superior and the endopiriform claustrum (I.N. = intermedi-
ate nucleus) showed subtle treatment effects. Bottom (b) shows the voxel-wise
data analysis, using the linear mixed effects model shown in Equation 3.Colors
indicate voxels that were at least 10% FDR significant, with red indicating re-
gions that were larger than the reference group and blue indicating smaller. In
the case of the treatment effect across strains (left), colours indicate FDR 20%,
to better distinguish patterns. These figures clearly depict the subtle effect of
treatment response on neuroanatomy.
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evaluated those behaviors may have seen a significant effect of treatment. The
reduced sample size (Table 1) for the sociability test (due to failed acquisition)
could have also contributed to the lack of treatment effect, due to low power.

Furthermore, there is no current robust method to assess the quantity of oxytocin
that is delivered to the brain using the intranasal method. When the treatment was
first started, all the mice fought the scruff hold and intranasal administration equally.
Near the end of the treatment period, however, approximately half the mice would
fight the treatment while the other half remained stationary. The authors assume
the mice that ceased avoiding the intranasal application were the ones to receive
oxytocin and, through classical conditioning, had learned that the application would
quickly lead to pleasant sensations.3 Though this was primarily observational, a
small sample of mice (n=14) were assessed to see if treatment arm (placebo vs.
oxytocin) could be determined just through interaction during treatment after 3
weeks of treatment. With the help of a colleague, the correct treatment arm was
confirmed for all the mice in the sample. Although not specific to the brain, this
confirms that the intranasal application method was successful in administering
oxytocin into the mice.

It remains possible that the treatment effects that were observed were solely due
to peripheral treatment effects. Gareth Leng and Mike Ludwig (2016)75 argue that
it is unlikely that any intranasal method has successfully delivered oxytocin to the
brain and the effects that are seen, for example in Neumann et al 2013,18 are due to
the oxytocin signaling system responding to peripheral changes in oxytocin levels.
More tests that assess the utility of intranasal oxytocin, like proper dose-response
studies, with peripheral effects controlled for,75 are necessary.

Future studies should aim to explore other behavioral tests, population sets,
and administration methods. The possibility remains that the three autism mouse
models employed in this study– the 16p, Fmr1, and Shank3 mouse models– are non-
responders to oxytocin. Despite the limitations, the study is one of very few studies
to assess the effects of chronic oxytocin treatment on mouse models of autism. It also
established a rigorous method of assessing treatment effect in preclinical models, on
both behavioral and neuroanatomical metrics, to help inform future clinical trials.
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Figure 7: Figures depicting the results of the ex vivo analyses. On the left,
genotype effects are shown from the subsetted (by background strain) voxel-
wise analyses (Equation 5). On the right, the graphs depict treatment effect
across strains for six regions, including overall brain volumes. PSC= Primary
Somatosensory Cortex
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