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Oxytocin improves maternal licking behavior deficits in
autism-associated Shank3 mutant dogs
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Impaired social interaction and repetitive behavior are key features observed in individuals with autism spectrum disorder (ASD).
SHANKS3 is a high-confidence ASD risk gene that encodes an abundant scaffolding protein in the postsynaptic density. In wild-type
(WT) domestic dogs, maternal behaviors such as licking and nursing (largely milk feeding) of puppies are most commonly observed.
To address whether SHANK3 plays a role in social behaviors especially maternal behaviors, we analyzed Shank3 mutant dogs
generated by CRISPR/Cas9 methodology. We found that Shank3 mutant dams exhibited a fewer and shorter licking behavior, as
well as reduced nursing frequency when compared with WT dams. Additionally, a significant decrease in blood oxytocin (OXT)
concentration was detected in Shank3 mutant dams. We thus conducted a vehicle-controlled experiment to examine whether a
two-week intranasal OXT treatment, initiated on the 8" postpartum day, could rescue the maternal licking deficits in Shank3
mutant dams. We found that the decreased licking behavior in Shank3 mutant dams was significantly attenuated both acutely and
chronically by OXT treatment. The rescue effect of OXT implicates an oxytocinergic contribution to the maternal defects in Shank3
mutant dams, suggesting a potential therapeutic strategy for SHANK3-associated ASD.

HIGHLIGHTS

® Maternal licking behavior is impaired in an autism-associated dog model carrying Shank3 mutations.

® Serum oxytocin levels are reduced in Shank3 mutant dams.

® Both acute and chronic intranasal oxytocin treatment rescues maternal licking behavior defects in Shank3 mutant dams.

Translational Psychiatry (2025)15:76; https://doi.org/10.1038/s41398-025-03296-5

INTRODUCTION

Animals perform many activities throughout their lives for survival
and reproduction. They search for food and mates, defend
themselves, and often care for their offspring or others. This
series of interactions among individuals of the same species is
collectively referred to as social behavior [1]. Parental behavior is a
distinct naturalistic social behavior, including feeding and protec-
tion of young, that is essential for survival as well as the mental
and physical well-being of the offspring in many species [2]. In
mammals, mothers commonly take the primary responsibility of
providing food, warmth, and protection for their offspring [3]. The
maternal behavior of domestic dogs mainly consists of nursing
(i.e., milk feeding) and licking [4, 5].

Autism spectrum disorder (ASD) is a set of heterogeneous
neurodevelopmental disorders, characterized by impaired social
interaction and repetitive behavior [6, 7]. Mutations in SH3 and
multiple ankyrin repeat domains protein 3 (SHANK3), an abundant

postsynaptic scaffolding proteins at excitatory synapses, are the
first and one of the most replicated genetic risks for idiopathic
ASD [8-12]. We recently generated Shank3 mutant dogs which
showed distinct and pronounced social behavior deficits, includ-
ing social withdrawal and reduced interactions with humans in
different settings [8].

Previous studies have examined some aspects of motherhood
in ASD mothers, including pregnancy, childbirth, and baby caring,
through questionnaire surveys, where the ASD mothers reported
difficulties in processing sensory experiences, such as breastfeed-
ing issues, as well as challenges in communicating with
professionals, such as clinicians, midwives, and nurses [13-15].
However, there is a lack of objective description of maternal
behaviors of ASD mothers after giving birth to babies.

Maternal behavior toward infants is sensitive to physiological
and environmental factors such as stress and hormone levels.
Hormones such as oxytocin (OXT), estrogen, and prolactin
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regulate maternal behavior [16, 17]. OXT is mainly synthesized in
the supraoptic nucleus and paraventricular nucleus (PVN) of the
hypothalamus, and released to the peripheral blood and multiple
regions in the central brain [18]. In a recent study, two mutually
exclusive projection patterns of OXT neurons in the PVN was
revealed by single-neuron projectomes [19]. Cluster 1 neurons
have relatively short axons that terminate exclusively in the
median eminence for peripheral release, while cluster 2 neurons
send wide-spread axons to over two hundred brain areas beyond
the median eminence [19].

Converging evidence implicates OXT in maternal behaviors.
Intracerebroventricular (ICV) administration of OXT to virgin
female rats induced a rapid onset of full maternal behavior [20].
In non-pregnant female sheep, ICV infusions of OXT can evoke
both maternal responses and bonding with lambs [21]. In
addition, one study showed that visually observing maternal
retrieval activates OXT neurons and promotes alloparenting in
virgin mice [22], while another study found that OXT neurons
respond to pup vocalizations, but not to pure tones, through input
from the posterior intralaminar thalamus [23]. Mutations in OXT or
OXT receptors in rodent models have been found to exhibit
impaired maternal behavior [24, 25], as well as multiple social
behavioral deficits [26, 27], and repetitive behaviors [28]. These
studies demonstrate that damage to the OXT system in rodents
leads to a range of ASD-related symptoms.

There is no effective medication for the core social symptoms of
ASD. OXT has been reported to be a powerful regulator of social
behavior by enhancing social reward, empathy and promoting the
sensory detection and evaluation of social cues [29-31]. Several
studies have established a central effect of intranasal OXT in ASD
patients based on functional magnetic resonance imaging studies
[32, 33]. Over the past two decades, multiple clinical trials have
investigated the effects of OXT intervention in the clinical
manifestations of patients with ASD [33-36]. However, their
findings are ambivalent. It is noteworthy that a randomized
controlled trial of intranasal OXT does not appear statistically
efficacious in improving the social behavior in 18 Phelan-
McDermid syndrome patients carrying SHANK3 mutations aged
5-17 [34]. The inconsistent results among these various investiga-
tions may have been the result of differences in cohort age,
sample size, OXT formulation or dose, treatment duration, social
context, baseline levels of OXT, outcome measures, or analytical
methods.

In the present study, we found that maternal licking behavior is
impaired in Shank3 mutant dams. To determine the hormones
responsible for the regulation of maternal behaviors, we examined
the blood levels of multiple hormones and found that OXT was
specifically decreased in Shank3 mutant dams. We further
revealed significant acute and chronic beneficial effects of OXT
treatment on maternal behavior in Shank3 mutant dams. Our
findings indicated an unexpected role for Shank3 in the regulation
of maternal behavior through OXT and suggest a promising role of
OXT in ameliorating the social behavior deficits in, at least, a
subset of ASD patients.

MATERIALS AND METHODS

Subjects

All of the dogs analyzed in this study were between 1 and 3 years old. The
animals were generally housed in 1.0x1.0x1.0m (length x width x
height) home-cage individually and transferred to the whelping room
approximately one week before the estimated delivery day. They were
individually housed in 1.2x 1.2 x 1.2 m (length x width x height) whelping
cage. The humidity of the whelping room was 40-60% and the
temperature was 22-24°C. There were windows that admitted natural
light in the whelping room. For gestation and lactation dogs, a special
canine chow which is rich in protein, fat, as well as vitamins and minerals
with more nutrition and higher energy (Royal Canin Pet Food, Shanghai,
China) was provided twice daily during 8:00-11:00 and 16:00-18:00. Dogs
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not in production period were fed maintenance food (Beijing keao Xieli
Feed, Beijing, China) twice daily. Water was available from an automatic
watering device. Dams stayed with their puppies until they were weaned
at the age of eight weeks.

Whelping was monitored via a camera (Hikvision, Hangzhou, China) at
the ceiling. In the whelping cage, there was a 0.9 x 0.6 x 0.15m (length x
width x height) whelping box. The flooring in the box was a soft bed.
Puppies were weighed every day at the first three weeks and were
vaccinated in accordance with veterinary’s recommendations. The puppies
were vaccinated canine distemper-parvovirus vaccine (modified live virus)
Nobivac® Puppy DP (Merck Animal Health, New Jersey, USA) at 21 days old.
They were vaccinated Canine Distemper-Adenovirus Type 2-Coronavirus-
Parainfluenza-Parvovirus Vaccine (Modified Live and Killed Virus) Leptospira
Canicola-Icterohaemorrhagiae Bacterin Vanguard® Plus 5-CVL (Zoetis,
Lincoln, Nebraska, USA) at 42, 63 and 84 days old. The puppies were
vaccinated canine and feline rabies vaccine (Inactivated) Nobivac® Rabies
(Merck Animal Health, New Jersey, USA) at 93 days old. Beginning in the
fifth week, puppies were allowed access to solid puppy food which is easy
to digest, and rich in protein, vitamins, and minerals. (Royal Canin Pet
Food, Shanghai, China).

All behavioral tests were performed at similar time of the day
(9:00-12:00). All the mutant dams and WT controls listed in Table 1. The
life experience of each animal was kept as similar as possible to minimize
individual variability.

Video recording and analysis of dam-puppy interaction
Parturitional responses, such as licking the amniotic membrane enveloped
puppies, biting and consuming the umbilical cord and placenta
immediately after parturition (PPO) [16], were recorded with a surveillance
camera, and all video files were stored for later analysis.

For analysis of puppy directed maternal behaviors, the following
parameters were scored on PP1: licking, nursing, and the time spent in
the whelping box. The duration and times of licking and nursing, and the
time in the whelping box were scored in a 60-min video between
6:00-9:00 am, starting when the dam returned to the whelping box after
her first morning urination and/or defaecation.

Licking behavior was defined as any movement of the dam’ tongue
along the genitalia, anus, belly and rear of a puppy [37, 38]. Nursing
behavior was defined as at least one puppy lined up and had its mouth
around the udder with or without milk feeding [38, 39]. Dam in whelping
box was defined as the dam had at least one paw within the whelping box
[38].

Recorded videos of 60 min between 6:00-9:00 am were analyzed
manually by three trained scorers who were blind to the genotype. Inter-
scorer reliability was determined by providing each scorer with 3 x 60-min
of video samples (all scorers analyzed the same videos). The average inter-
scorer reliability between the scorers was 90%, ranging from 100% for time
spent in the whelping to 85% for licking. For puppy retrieval assay, puppies
were grouped in a corner of the whelping box. One puppy was removed
from the whelping box and placed in an opposite corner of the whelping
room. The dam was given five trials (5 min per trial) a day to approach and
retrieve the displaced puppy, in total ten trials in two days (PP2 and PP3)
were performed for each dam. The times and latency of approach were
analyzed manually by trained experimenters who were blind to the
genotype. Approach was defined as a dam walked out of the nursing box
to inspect the separated puppy. Retrieval was defined as the dam
approached to the separated puppy and then retrieved the puppy to the
whelping box. If the dam did not retrieve her puppy within 5min, the
retrieval duration was noted as 5 min.

Intranasal administration of oxytocin

Shank3 mutant dams and WT dams received intranasal OXT at a dose of 40
IU OXT (Bachem, Torrance, USA) dissolved with 100 pl saline or control
saline (vehicle) every other day between 9:00-10:00 for two weeks from
PP8. A total of 100 pl OXT or vehicle was administered by pipetting 50 pl of
solution in each nostril, with 30seconds between administrations,
alternating between the left and right nostril. Animals was placed in a
stand position with her head tilted back ~45° with the chin up so the OXT
solution could better reach the epithelium. For intranasal administration of
oxytocin rescue experiment, dams’ behaviors were recorded from PP8 to
PP21 24h a day. Dams’ behaviors in 60 min video recorded between
6:00-9:00 am on PP9, PP13, PP17 and PP21 for chronic effect after OXT
treatment were statistically analyzed. To examine the acute effect of OXT,
the maternal behavior was analyzed 15 min after intranasal administration
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Table 1. List of all mutants and wide-type controls examined in the present study.

Code Date of Parturition Genotype Hormones assayed OXT Treatment
Mutants (n = 15)

Mu190612 2020/11/10 —483+7 bp/+ OXT EIl PRL /
Mu190712 2020/11/24 —483+7 bp/+ OXT EIl PRL /
Mu200720° 2022/04/20 —483+-7 bp/+ OXT EIl PRL Vehicle
Mu200720 2022/10/14 —483+7 bp/+ OXT Ell PRL OXT
Mu2005072 2022/07/03 —483+7 bp/+ OXT Ell PRL OXT
Mu200507 2023/04/22 —483+7 bp/+ OXT Ell PRL Vehicle
Mu190756% 2021/07/30 —496 bp/+ OXT Ell PRL OXT
Mu190756 2022/11/23 —496 bp/+ OXT Ell PRL OXT
Mu190204° 2021/08/01 —496 bp/+ OXT Ell PRL OXT
Mu190204 2022/03/31 —496 bp/+ OXT EIl PRL Vehicle
Mu220153 2023/06/20 —496 bp/+ OXT EIl PRL Vehicle
Mu210760 2023/06/23 —496 bp/+ OXT EIl PRL Vehicle
Mu210806 2023/10/31 —496 bp/+ OXT Ell PRL OXT
Mu221137 2023/12/02 —496 bp/+ OXT Ell PRL Vehicle
Mu210761 2023/11/20 —496/—496 bp / /
Controls (n = 22)

Wt190134 2020/11/26 +/+ OXT Ell PRL /
Wt190135 2021/04/06 +/+ OXT PRL Vehicle
Wt200717° 2022/01/31 +/+ OXT Ell Vehicle
Wt200717 2022/09/28 +/+ OXT EIl PRL OXT
Wt191201 2022/08/02 +/+ OXT Ell PRL OXT
Wt201115 2022/09/18 +/+ OXT Ell PRL Vehicle
Wt210755 2022/10/18 +/+ OXT Ell PRL Vehicle
Wt1675 2020/07/27 +/+ OXT Ell /
Wt1173 2020/07/31 +/+ OXT EIl PRL /
Wt1136 2021/04/01 +/+ OXT EIl PRL /
Wt1815 2021/04/14 +/+ OXT Ell PRL OXT
Wt1912 2021/08/27 +/+ OXT EIl PRL /
Wt210411 2023/05/22 +/+ OXT EIl PRL Vehicle
Wit3258 2023/05/30 +/+ OXT EIl PRL Vehicle
Wt210807 2023/06/17 +/+ OXT Ell PRL OXT
Wt220151 2023/06/22 +/+ OXT Ell OXT
Wt220152 2023/06/23 +/+ OXT Ell OXT
Wt181203 2021/08/17 +/+ PRL /
Wt190125 2020/08/16 +/+ PRL /
Wt1583 2020/10/02 +/+ PRL /
Wt1605 2020/11/09 +/+ PRL /
Wt1417 2020/12/07 +/+ / /

For all mutants and some WT controls, the first two digits represent the year of birth, the 3™ and forth digits represent the month of birth, while the last two
digits represent the serial number born at the month. For some WT controls, the four digits are used for the identity of each animal. “/” indicates information

not available.
OXT oxytocin, Ell estradiol, PRL prolactin.

%indicates the individual animal was examined twice for maternal behaviors.

of OXT or vehicle for one hour on PP8. The analysis method for the other
days was the same as that on PP1, as described earlier.

Measurements of oxytocin, prolactin and estradiol in blood

Blood samples were collected between 09:00-10:00 from the cephalic vein
of the dog. Since hormones such as OXT and prolactin are produced in
pulses [2], the whole blood was drawn into disposable medical plain red
cap vacuum blood collection tubes (Sanli, Liuyang, China) on PP1 morning
during a non-lactating period between 9:00-10:00 after the first meal, to
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which the protease inhibitor aprotinin (500 1U/pl blood) (Sigma Aldrich, St.
Louis, USA) was added immediately. The blood samples were then allowed
to clot for 30-60 min at room temperature to prepare serum. The samples
were centrifuged at 1600 x g for 15 min at 4 °C. The serum was transferred
to a plastic tube and then stored at —80 °C until assay.

OXT concentrations were measured using an OXT ELISA kit (Enzo Life
Sciences, Farmingdale, USA). The detection limit of the kit was 15.6 pg/ml.
400 pl serum for each sample was extracted with acetone and petroleum
ether according to the product manual and the published method [40].
Extraction is necessary to eliminate interfering substances in the samples
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and to concentrate OXT for accurate measurements within the range of
the assay [40]. The extracted samples were then freeze-dried and
reconstituted in 120 pl assay buffer, of which 100 ul was used for the
ELISA assay. The reactions were examined with a Thermo microplate
reader (Thermo Fisher Scientific, Waltham, USA) and read at 405 nm.

Prolactin in serum was assayed using the Prolactin canine ELISA kit
(Demeditec, Kiel, Germany) following the manufacturer’s instructions.

Radioimmunoassay for estradiol was detected by the Beijing North
Institute of Biotechnology using an lodine ['?°l] Estradiol Radioimmunoas-
say Kit (Beijing North Institute of Biotechnology, Beijing, China) following
the protocol provided by the manufacturer. The minimum level of
detection of estradiol was 5 pg/ml. The intra- and inter-assay coefficients of
variation were <10% and <15%, respectively.

Statistical analysis

All tested samples/animals were included in the analysis. Sample size was
not calculated a priori. Before analyzing the differences among different
groups, we first analyzed the normality distribution of data. For data that
followed a normal distribution, analysis was conducted using
independent-samples t test or Pearson correlation. For data that did not
follow a normal distribution, analysis was conducted using Mann-Whitney
test, Wilcoxon signed rank test or Spearman'’s correlation. We used one-
way ANOVA and two-way ANOVA to determine statistical significance
between three groups. For comparison of multiple groups, we used
Bonferroni’s post hoc test. The dotted line represents the 95% confidence
interval in Fig. 3D-F. A significant correlation can be considered to exist
when p < 0.05 with a correlation coefficient > 0.3 or < —0.3. Calculations
were performed with GraphPad Prism 8.0 software. Data are presented as
mean + SEM.

RESULTS

Maternal licking behavior is impaired in Shank3 mutant dams
When puppies are born, they can neither see, nor hear, and are
unable to regulate their body temperature, for that reason,
puppies’ physical and social development is dependent on the
interaction with their mothers [4, 5]. From birth to three weeks old,
the dam needs to stimulate urination and defecation of puppies
through anogenital licking, and provide a heat source to maintain
them at a stable body temperature [4, 5, 41]. To examine whether
maternal behavior was disrupted in Shank3 mutant dams, we
analyzed licking and nursing behaviors together with time stayed
in the whelping box quantitatively. We recorded parturitional
responses such as licking the amniotic membrane enveloped
puppies, biting, and consuming the umbilical cord and placenta
immediately after parturition (PP0). Furthermore, we analyzed
puppy survival rate from PPO-PP7 (a critical period for survival),
and puppy weight gain from PP0-PP21 (Fig. 1A).

We observed significant maternal behavior defects in one
homozygous F2 dam (Mu210761, Table 1). After delivery, she
exhibited a lack of consumption of the placenta (Fig. 1B, C) and failed
to tear apart the amniotic membranes covering the puppies leading
to puppy lethality (Fig. 1B). The puppies were found scattered within
the whelping box. However, there were no differences in gestational
days (Fig. 1D), as well as litter size (Fig. 1E) and birth weight (Fig. 1F)
between the WT dams and the homozygous dam Mu210761.
Considering the severe maternal behavior defects in two FO mutants
(Mu180636 carried two small deletions in exon 21; Mu180614 carried
a large deletion spanning exons 5 and 21 [8]), we focused our
subsequent research solely on the maternal behavior of hetero-
zygous mutant offspring. Unless otherwise specified, the term
‘mutants’ in the following context refers to heterozygous Shank3
mutants; we analyzed maternal behaviors in four heterozygotes of
—483-+7 bp/+ and seven heterozygotes of —496 bp/+ (Table 1); the
two mutations disrupt the Shank3 gene similarly in exon 21 and are
transmitted from independent FO fathers [8]. These heterozygous
mutants showed substantially reduced levels of Shank3 isoforms and
similar social deficits [8].

Shank3 mutant dams delivered on term (61.50+0.44 days,
n=14 for mutant dams; 60.73+0.38 days, n=22 for WT.
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p =0.4087; Fig. 1D) with a normal litter size (4.64 +0.66, n=14
for mutant dams; 4.91 £0.39, n =22 for WT. p =0.9653; Fig. 1E).
Most Shank3 mutant dams (13/14) consumed the placenta
(Fig. 1C). We calculated the survival rate and weight gain of WT
and heterozygous puppies of WT dams and mutant dams. There
were no significant differences in the survival rate during the first
week after birth (Fig. 1G) and weight gain of puppies during the
first three weeks after birth (Fig. 1TH) of mutant dams compared
with WT dams.

We recorded and analyzed puppy directed maternal behavior of
the dam in the whelping box on PP1. Additionally, we analyzed
the dam’s reaction to separation of the puppies on PP2 and PP3
(Fig. 2A). We found that Shank3 mutant dams displayed shorter
licking duration (278.00+53.64sec, n=14 for mutant dams;
8.60 + 0.59 min, n = 22 for WT. p = 0.0005; Fig. 2C) and fewer times
of licking (9.86 £ 1.52, n = 14 for mutant dams; 19.18 + 1.94, n = 22
for WT. p=0.0018; Fig. 2C) than the WT dams. This led to some
puppies of mutant dams being wet and less clean than the puppies
from WT dams (Fig. 2B). The mutant dams showed fewer nursing
times (2.16+0.36, n=14 for mutant dams; 3.41+040, n=22
for WT. p = 0.0380) but a normal nursing duration (54.04 + 3.25 min,
n=14 for mutant dams; 51.71+£1.87min, n=22 for WT.
p =0.0534) compared with WT dams (Fig. 2D). We did not find
significant differences in duration (55.12+2.94 min, n=14 for
mutant dams; 56.07 £ 2.24sec, n=22 for WT. p=0.5663) and
frequency (2.07 £ 0.38, n = 14 for mutant dams; 2.05+0.39, n =22
for WT. p =0.8469) of stay in the whelping box between mutant
dams and WT dams (Fig. 2E). In addition, we observed no
significant differences in the maternal behavior phenotypes
between the two genotypes of —483+7 bp/+ and —496 bp/+
(Supplementary Figure S1).

In the puppy retrieval assay, we evaluated the immediate
response of the dam when her puppy was taken out of the
whelping box (Fig. 2F). All of WT dams (18/18) and almost all
mutant dams (13/14) went out of the whelping box to check on
the separated puppies. The retrieval duration for the mutant who
stayed in the whelping box for the whole observing time window
was noted as 5 min. Compared with WT dams, the Shank3 mutant
dams exhibited no significant differences in approach times to the
separated puppies (mutant dams: 7.93 £0.95, WT: 9.11+£0.51,
p=0.4774; Fig. 2G) and in latency to approach the puppies
(mutant dams: 75.61 + 28.78 sec, WT: 38.58 + 15.64 sec, p = 0.5054;
Fig. 2G). In addition, the mutant dams showed no significant
differences in duration to retrieve the puppy to the whelping
box (mutant dams: 216.10+31.34sec, WT: 168.70 + 31.97 sec,
p =0.1642; Fig. 2H).

The maternal licking behavior defects might be associated with
social impairments in Shank3 mutant dams. To test this possibility,
we analyzed dog-human social interactions of postpartum dams
on PP60 after weaning in an open field test as previously described
[8]. We found that their social interaction time with a familiar
experimenter was significantly lower compared with the WT dams
(2.84+0.27 min, n=9 for WT dams; 1.70£0.40 min, n=6 for
mutant dams. p = 0.0295; Supplementary Figure S2A), consistent
with our previous report on non-reproductive adult mutants [8].
Furthermore, there was a significant positive correlation between
the dog-human social interaction and maternal licking behavior
(n=15, r=0.5669, p = 0.0276 for licking duration; and r =0.5212,
p = 0.0463 for licking times; Supplementary Figure S2B, S2C), but
no significant correlation between the dog-human social interac-
tion and maternal nursing behavior (n =15, r =0.2539, p = 0.3611
for nursing duration; and r = —0.3388, p = 0.2167 for nursing times;
Supplementary Figure S2D, S2E).

Shank3 mutant dams exhibit a reduced oxytocin level in

the blood

As shown above, the maternal behavior was impaired in Shank3
mutant dams. Hormones such as OXT, prolactin, and sex steroids
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Fig.1 A homozygous Shank3 mutant dam shows impaired parturition responses. A Timeline of parturitional responses, puppy weight, and
puppy survival rate analysis. B Puppies were not attended to by the homozygous Shank3 mutant dam Mu210761. The arrows indicated visible
placenta and amniotic membranes because the Shank3 homozygous mutant dam did not consume placenta and lick her puppies after
delivery. C Shank3 heterozygous mutant dams consumed the placenta. n =22, 14, and 1 for WT controls, heterozygotes, and homozygote,
respectively. D Shank3 mutant dams showed normal gestational days. n =22, 14, and 1 for WT controls, heterozygotes, and homozygote,
respectively. Data are presented as mean = SEM, ns, no significant differences by one-way ANOVA. E Shank3 mutant dams showed a normal
litter size. n=22, 14, and 1 for WT controls, heterozygotes, and homozygote, respectively. Data are presented as mean £ SEM, ns, no
significant differences by one-way ANOVA. F There were no differences in the birth weight of puppies delivered by the Shank3 homozygous
mutant dam (pup of Homo dam, red dots, n = 4) compared with WT controls (pup of WT dam, blank dots, n = 10). Data are presented as
mean * SEM. ns, no significant differences by Mann-Whitney test. G There were no significant differences of the postnatal one-week survival
rate between 22 WT puppies (WT pup of Het dam) and 57 heterozygous puppies (Het pup of Het dam) of heterozygous Shank3 mutant dams,
and 24 WT puppies (WT pup of WT dam) and 68 heterozygous puppies (Het pup of WT dam) of WT dams. ns, no significant differences by
two-way ANOVA followed by Bonferroni’s post hoc test. H There were no differences in the weight gain of 10 WT (WT pup of Het dam), 15
heterozygous (Het pup of Het dam) puppies of heterozygous Shank3 mutant dams compared with 13 WT (WT pup of WT dam) and 9
heterozygous (Het pup of WT dam) puppies of WT dams during the first three weeks after birth. All data were presented as mean + SEM, ns,
no significant differences by two-way ANOVA followed by Bonferroni’s post hoc test.

are involved in the regulation of maternal behavior [16, 42, 43]. To
test whether hormones were changed in Shank3 mutant dams, we
determined their concentrations in serum collected in the
morning of P1 after the first meal, during a non-lactating time
window. We found a significant decrease in blood OXT
concentrations in Shank3 mutant dams (32.69 +6.47 pg/ml,
n=14 for mutant dams; 55.03+8.84pg/ml, n=17 for WT.
p =0.0290; Fig. 3A). The mutants also showed significantly lower
OXT levels than WT controls in non-reproductive period
(20.41 £1.08 pg/ml, n=13 for mutants; 26.47+1.25pg/ml,
n=10 for WT. p=0.0014; Supplementary Figure S3). However,
we found no significant change in the serum levels of estradiol,
the major female sex hormone (10.97 £0.62 pg/ml, n=14 for
mutant dams; 14.28+1.86 pg/ml, n=16 for WT. p=0.1932;
Fig. 3B) and prolactin, which promotes milk production
(48.16 +£4.91 ng/ml, n =14 for mutant dams; 42.31 £4.21 ng/m|,
n =17 for WT. p=0.3700; Fig. 3C) in Shank3 mutant dams.

To investigate a possible correlation between licking behavior
and hormone levels, we analyzed the degree of association. We
found a significant positive correlation between licking behavior
(n=31, r=0.5485, p=0.0014 for licking duration; Fig. 3D and
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n=31, r=0.3686, p=0.0413 for licking times; Fig. 3E) and
peripheral OXT levels. However, there was no correlation between
licking behavior (n =30, r=0.2755, p=10.1405 for licking dura-
tion; Fig. 3F and n=30, r=0.1713, p =0.3654 for licking times;
Fig. 3G) and peripheral estradiol levels. Similarly, no correlation
between licking behavior (n =31, r =0.2132, p = 0.2494 for licking
duration; Fig. 3H and n=31, r=0.0155, p=0.9342 for licking
times; Fig. 31) and peripheral prolactin levels was observed.

Intranasal oxytocin administration ameliorates maternal
behavior defects in Shank3 mutant dams

OXT plays a central role in maternal behavior [20-22, 43, 44] and
the results shown above indicate that reduced OXT might be
responsible for the impaired maternal behavior observed in
Shank3 mutant dams. As mentioned earlier, the first week after
birth is a critical period for a puppy’s survival, we therefore
examined the effect of OXT on maternal behaviors one week after
parturition to ensure dam-puppies’ well-being. As the licking
behavior of dams towards puppies mainly occurs during the first
three weeks after giving birth and declines slowly over time [5],
we examined the effects of OXT for a period of 2 weeks starting
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Fig.2 Shank3 mutant dams show decreased licking of puppies. A Timeline of puppy directed maternal behavior and retrieval assay. B The
puppies of mutant dams were wet and less clean compared with those reared by WT dams. C Shank3 mutant dams showed a significant
reduction in licking duration and times compared with WT dams (n = 14 for mutant dams, n = 22 for WT, Unpaired t test). D The mutant dams
showed fewer nursing times but normal nursing duration compared with WT dams (n = 14 for mutant dams, n =22 for WT, Mann-Whitney
test). E The mutant dams did not show significant differences neither in duration nor times of stay in the whelping box (n = 14 for mutant
dams, n =22 for WT controls, Mann-Whitney test). F lllustration of puppy retrieval assay. G There were no significant differences in the
approach times or latency to approach the separated puppies between mutant dams and controls (n = 18 for WT, and 14 for mutant dams, by
Mann-Whitney test). H There were no significant differences in the duration of retrieval between mutant dams and WT dams (n = 18 for WT,
and 14 for mutant dams, by Mann-Whitney test). All data are presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, no significant

differences.

from PP8. We used 40 IU OXT, which was used previously in pet
dogs [45], in the present study.

To determine whether the impaired maternal behavior in
Shank3 mutant dams could be improved with intranasal OXT
administration, we performed a vehicle-controlled experiment to
evaluate the acute (15 min after the first OXT treatment on PP8)
and chronic (from PP8 every other day for 2 weeks) effects of
intranasal OXT treatment on maternal behaviors in Shank3 mutant
dams (Fig. 4A). To increase the sample size (12 mutant dams and
12 WT controls in total), we examined the effects of OXT on
maternal behaviors twice after the first and the second parturi-
tions of five animals (four mutant dams and one WT, see Table 1).
We quantitatively analyzed the maternal behaviors and found that
there were no significant differences in licking, nursing, and time
stayed in the whelping box between primiparous and multi-
parous dams (n=4; Supplementary Figure S4). Therefore, we
concluded that the improvement of maternal behavior in
Shank3 mutant dams after intranasal OXT administration was
unrelated to whether the dam had experienced single or
multiple births.

To verify the effectiveness of exogenous OXT, we examined the
OXT levels in blood at different time points after OXT adminis-
tration. Compared with vehicle, blood OXT levels were signifi-
cantly increased 15min after intranasal OXT administration
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(87.47 £ 13.08 pg/ml, n =6 for OXT treatment; 22.49 £ 5.24 pg/ml|,
n =4 for vehicle treatment. p =0.0095.) and returned to baseline
levels approximately 90 min later (Fig. 4B), demonstrating the
efficacy of OXT administration. The blood level dynamics of OXT
after intranasal administration was in agreement with a previous
report in pet dogs [46].

To assess the acute effects, maternal behavior was analyzed
15min after administration on PP8. After OXT treatment, the
duration and times of licking in the mutant dams were increased
significantly. The mutant dams treated with vehicle (Shank3"~
+Veh, n = 6) exhibited significantly lower licking duration compared
with the WT dams treated with vehicle (WT+Veh, n = 6) (Shank3™~
+Veh: 105.20 + 28.35 sec, WT+Veh: 261.50 + 33.76 sec, p = 0.0043;
Fig. 4C). The duration of licking behavior was significantly longer in
the mutant dams treated with OXT (Shank3™ +OXT, n=6),
reaching the level of the WT+Veh dams (Shank3*~+OXT:
284.20 + 53.85 sec, WT+Veh: 261.50 + 33.76 sec, p = 0.5887; Fig. 4Q).
It also showed no significant differences when compared with the
WT dam treated with OXT (WT+OXT, n=6) (Shank3™~+OXT:
284.20 + 53.85 sec, WT + OXT: 384.50 + 41.28 sec, p = 0.0931; Fig. 4C).
Shank3™~+OXT dams also showed significantly increased licking
times compared with Shank3*~+Veh dams (Shank3™~+OXT:
10.33£0.92, Shank3*~+Veh: 5.17+1.30, p=0.0065; Fig. 4C).
Thus, there was a significant acute improvement of Shank3
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Fig. 3 Shank3 mutant dams show a lower level of blood oxytocin, which is positively correlated with licking behavior. A Shank3 mutant
dams showed a significantly lower blood OXT level compared with controls on P1. Mann-Whitney test, n = 14 for mutant dams, n = 17 for WT
dams. B Shank3 mutant dams displayed no significant differences in blood estradiol level on P1. Mann-Whitney test, n = 14 for mutant dams,
n=16 for WT dams. C Shank3 mutant dams displayed no significant differences in blood prolactin level on P1. Unpaired t test, n= 10 for
mutant dams, n = 9 for WT. D, E The blood OXT level was positively correlated with the maternal licking duration D and licking times E. n = 31.
F, G No significant correlation between licking duration F or licking times G and the blood estradiol level. n=30. H and | No significant
correlation between licking duration H or licking times | and the prolactin level. n =19.

mutant dams’ licking behavior after the administration of one
dose of OXT.

To determine the chronic effects of two-week administration of
OXT on maternal behavior, we analyzed the maternal behavior on
PP9, PP13, PP17 and PP21. For both WT and mutant dams across
the whole test period, the licking duration (Fig. 4D) and times
(Fig. 4E) tended to decrease over time as the puppies grew. After
intranasal OXT treatment, the duration (p = 0.0060; Fig. 4D) and
times (p =0.006; Fig. 4C) of licking in the mutant dams were
increased significantly. The licking behavior of Shank3*/~+Veh
dams was significantly lower than that of WT+Veh dams
(p =0.032; Fig. 4D). The differences between the two groups
were reduced when OXT was administered (p = 0.134; Fig. 4D). It
is worth noting that OXT administration also increased the
maternal licking behavior of WT dams, as evidenced by a
significant increase in licking duration (p=0.031; Fig. 4D) and
licking frequency (p = 0.011; Fig. 4E).

Within this two-week OXT treatment period, we specifically
analyzed the effects of OXT treatment at two representative time
points: at one week (PP13) and two weeks (PP21) after OXT
administration. Similar to the effects of acute administration, the
duration of licking behavior was significantly shorter in the
Shank3"~+Veh dams compared with the WT+Veh dams
(Shank3*/~+Veh: 133.70 + 35.07 sec, WT-+Veh: 288.67 + 44.46 sec,
p=0.0411; Fig. 4F), Shank3 mutant dams showed increased
licking duration, and reached the level of the WT+Veh dams
(Shank3/~+OXT: 265.30 + 48.73 sec, WT+Veh: 288.67 + 44.46 sec,
p=0.9372) after one week of OXT treatment (Fig. 4F). The
Shank3"~+Veh dams exhibited significantly lower licking times
when compared with the WT-+Veh dams (Shank3™ +Veh:
6.50+ 1.31, WT+Veh: 10.00 £+ 1.03, p = 0.0433; Fig. 4G). However,
Shank3"™~4+OXT dams showed increased licking times, reaching
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the level of WT+Veh dams (Shank3™~+OXT: 12.17 +2.47, WT
-+Veh: 10.00 £ 1.03, p = 0.9242; Fig. 4G). After two weeks of OXT
administration, the Shank3™~+OXT dams exhibited a significantly
longer licking duration when compared with the Shank3*/~+Veh
dams  (Shank3™~+OXT: 194.20 +42.28sec, Shank3™ +Veh:
4517 £14.13 sec, p=0.0087; Fig. 4F), which was significantly
longer than the WT+Veh dams  (Shank3"~+OXT:
19420 +42.28sec, WT+Veh: 61.00+14.97sec, p=0.0130;
Fig. 4F). After two weeks, the licking duration also significantly
increased in the WT + OXT dams compared with the WT+Veh
dams (WT + OXT: 210.33 +35.10 sec, WT+Veh: 61.00 + 14.97 sec,
p = 0.0065; Fig. 4F).

In conclusion, both acute single dose and chronic multiple
intranasal OXT administrations every other day for two weeks
were able to rescue the decreased licking behavior in Shank3
mutant dams. Specifically, the licking duration and times of the
Shank3 mutant dams significantly increased after OXT treatment,
reaching levels similar to those of WT dams. Intranasal OXT also
increased licking behavior in the WT dogs. These results support a
role for OXT in promoting maternal behavior.

DISCUSSION

Little is known about the underlying mechanisms of maternal
behavior deficits in Shank3 mutant dams. We found that blood
OXT levels in Shank3 mutant dams was significantly lower than
those in the WT dams, and there was a significant positive
correlation between OXT levels and maternal behavior. Further-
more, we observed that the reduced maternal behavior in Shank3
mutant dams was rescued by OXT. These findings, to the best of
our knowledge, have never been documented in any ASD animal
models. It has been suggested that deficits of the OXT system may
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Fig. 4 Oxytocin administration rescues deficits of maternal licking behavior. A Timeline of OXT treatment experiment. Arrow indicates the
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ANOVA followed by Bonferroni’s post hoc test.

underlie the social impairments in ASD [47-49]. It remains to be
determined whether a reduced level of OXT contributes to the
impaired social interaction including maternal deficits in, at least, a
subset of ASD patients.

There are few studies on maternal behavior in ASD animal
models. One study reported that loss of Shank2 in mice leads to a
lack of maternal behavior but unaltered OXT, estradiol, or prolactin
levels in the blood [17]. Shank2”" mice display reduced neuronal
activity detected by c-Fos staining in the nuclei of the social
attachment circuit that includes the medial preoptic area (MPOA)
of the hypothalamus; selective enhancement of MPOA activity by
chemogenetics re-established maternal behavior in Shank2™
mice [17]. In the present study, we found that peripheral levels of
OXT were significantly lower in Shank3 mutant dams, while other
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hormones such as prolactin and estradiol showed no abnormal-
ities. Shank3 mutations appear to selectively affect the OXT system
and OXT administration can rescue the maternal behavior defects
in Shank3 mutant dams.

There are a few genes that regulate OXT, directly or indirectly, at
different steps. For example, cluster of differentiation 38 (CD38) is
a transmembrane protein that promotes Ca?" elevation and
depolarization-induced OXT secretion in oxytocinergic axon
terminals [50]. CD38~/~ mice show reduced OXT levels in plasma
and apparent defects in maternal nurturing behavior [50]. The loss
of function of the Fmr1 gene (which encodes the fragile X mental
retardation protein) induced a decreased staining intensity of OXT
in the PVN [51, 52]. In the Fmr1~~ brain, CA1 neurons exhibit an
excessive response to incoming excitatory signals, and in turn
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exert enhanced inhibition to the PVN, potentially suppressing OXT
production [51]. Mice lacking the contactin-associated protein-like
2 gene (Cntnap?2), exhibit abnormalities in social behavior, as well
as fewer OXT-positive neurons and a decreased intensity of OXT
staining in the PVN [53]. Acute administration of OXT improved
social deficits, and chronic early postnatal treatment with OXT led
to more lasting behavioral recovery and restored OXT immunor-
eactivity in the PVN in Cntnap2™'~ mice [53]. An autism-associated
mutation in the synaptic adhesion molecule Nign3 results in an
impaired response to OXT in dopaminergic neurons and altered
behaviors in social novelty text [54]. How these ASD risk genes
mechanistically affect the OXT pathway remains to be elucidated.

Although over thirty animal models with various Shank3
mutations have been generated [10], there is relatively limited
research on the relationship between Shank3 and OXT [55-59].
Although Shank3™'~ rats exhibited normal central OXT levels by
immunostaining and mRNA quantification [57], OXT was reduced
in other Shank3 mutant animals including mutant dogs described
in the present study, while one study reported a reduction in OXT
positive neurons in Shank3B~'~ mice, and that acute intranasal
OXT can rescue social deficits [58]. These discrepancies may be
attributed to species-specific biology, diverse genetic back-
grounds, and different targeting sites in the Shank3 gene. Acute
OXT application improved social memory, attention, and synaptic
plasticity deficits in Shank3™~ and Shank3~/~ rats [55]. Acute OXT
also restored abnormal neuronal morphology in primary hippo-
campal neurons of Shank3™~ mice and compensated for the
altered synaptic proteins in a human neuron-like cell line with the
SHANK3 gene silenced by small interference RNAs [59]. Chronic
intranasal OXT administration can reliably ameliorate social deficits
in the Shank3B~'~ mice as early as 2 weeks after daily treatment,
though the OXT levels in the mutants were not reported [56]. The
results of acute and chronic oxytocin treatment appeared similar
in rescuing the licking behavior deficits of Shank3 mutants. We
speculate that even though exogenous oxytocin is rapidly
metabolized in the body, it may affect relevant neural pathways
and induce long lasting effects on promoting social behaviors
such as maternal licking. The mechanisms underlying the
rescuing effect of oxytocin remain to be clarified. In addition
to administration of exogenous OXT, there are other methods
including social touch [60], chemogenetics [53, 60], and
optogenetics [61] to increase endogenous OXT signaling. Given
the improvement of maternal behavior in Shank3 mutant mice
and dogs by OXT, it is possible that patients with SHANK3
mutations might potentially benefit from endogenous and/or
exogenous OXT intervention.

The aforementioned studies indicate that Shank3 mutations
can lead to deficits in the OXT system. However, our own study
as well as previous studies have not investigated the under-
lying mechanisms. We have yet to determine whether the
decrease in OXT levels in the peripheral blood of Shank3
mutant dogs is due to an effect on OXT-positive neurogenesis,
OXT synthesis or secretion. Future studies should determine
whether Shank3 mutation can affect the upstream pathways
that regulate OXT production and secretion or whether it also
perturbs pathways further downstream. Shank3 mutant dams
exhibited a significant decrease in maternal behavior, but no
impact on puppies’ survival rate and weight gain. As maternal
behaviors may further affect the puppies’ cognition and social
behaviors [4, 5, 39], how Shank3 mutations in dams affect their
offspring’s social behaviors remains to be elucidated in the
future studies.
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