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Simple Summary: Weaning is a stressful milestone for domestic animals. It is often
performed at an early age and as an abrupt change in comparison to the transitional period
seen in feral or wild animals. Oxytocin, a hormone associated with attachment, could
improve the response of piglets to weaning. Piglets were either given oxytocin intranasally,
subcutaneously, or handled as controls. Oxytocin had no effect on the physiological response
to weaning. However, oxytocin increased the frequency of mild aggressive social behaviors
between OT-administered and control pigs. Hence, the use of a single administration of
oxytocin prior to weaning in pigs is not recommended.

Abstract: Weaning is often an abrupt and stressful process. We studied the effects of
administering oxytocin, subcutaneously or intranasally, on the ability of pigs to cope with
weaning. On a commercial farm 144, 30 day-old pigs from 24 litters were used. On the day
of weaning, one male and one female in each litter were administered one of three treatments:
intranasal oxytocin (24 International Unit), subcutaneous oxytocin (10 International Unit per
kg of body weight), or handled as a control. The pigs were placed in one of eight weaner
pens, split by sex and with an equal representation of treatments. Data included body weight
and growth, physiology (neutrophil:lymphocyte ratio, plasma cortisol, C-reactive protein and
Tumor Necrosis Factor-α concentrations), and behavior (feeding, drinking, social behavior).
Both oxytocin treatments tended to result in higher levels of mild aggression within groups
(p = 0.08), specifically between oxytocin-administered and control pigs (subcutaneous to
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control p = 0.03; intranasal to control p = 0.10). Subcutaneously-administered pigs tended
to frequent the feeder more often than intranasally-administered pigs (p < 0.10), with the
latter having slightly lower body weight 38 days post-weaning (p = 0.03). However, acute
oxytocin administration did not result in any noticeable physiological changes 4 or 28 h
post-weaning. Hence, the use of a single administration of oxytocin prior to weaning in pigs
is not recommended, at least not in the conditions studied here.

Keywords: behavior; intranasal; oxytocin; physiology; stress; subcutaneous; sus scrofa

1. Introduction

The practice of weaning domestic animals drastically differs from the transitional period seen in
feral animals or their wild ancestors. In commercial pig production for instance, weaning is commonly
performed around three to four weeks of age, whereas it takes between 8 and 19 weeks to complete
in feral pigs [1]. In addition to the age difference, weaning most often consists in an abrupt process
with a transition from liquid (e.g., dam’s milk) to solid foods, along with a change in environment.
Hence, weaning results in nutritional, thermal, immunological, and psychological challenges [2,3]. This
commonly leads to weight loss and increased morbidity and mortality reflecting the young’s difficulty
in coping with weaning [4]. Various strategies have been employed in order to make the weaning
transition smoother such as weaning at older ages [5], providing supplemental milk and creep feed
during lactation [6,7], using metabolic modifiers or gut health-promoting diets [8,9], and socializing
animals prior to weaning [10].

Oxytocin (OT) is an endogenous mammalian hormone which plays a crucial role in maternal behavior,
allowing milk let down and parturition through its peripheral actions but also underlying attachment
through its central actions [11–13]. We hypothesized that OT may facilitate the weaning process. In rats,
OT administration to pups reduces time spent with the dam and the response to social isolation, while it
increases self-oriented behaviors, post-weaning feed intake and growth [14–17]. Oxytocin has also been
shown to be involved in the stress response of pigs [18]. A previous project [19] investigated the effects
of repeated OT administration to neonatal pigs. Oxytocin subcutaneous administration daily for the first
two weeks of life resulted in lower weight loss over the first two days post-weaning. The present study
followed on that work by investigating the use of a single dose of OT administered immediately prior to
weaning, and by comparing the effects of the intranasal and subcutaneous route of administration.

2. Experimental Section

2.1. Animals and Treatments

The project was approved by the University of Melbourne Animal Ethics Committee in accordance
with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. This study
was conducted at a farrowing and weaner unit of a large commercial farm.

One hundred and forty four pigs from 24 litters, aged 30.6 ˘ 0.2 (mean ˘ SE) days were used. All
pigs were the progeny of Large White ˆ Landrace multiparous sows. Sows were housed in conventional



Animals 2015, 5 547

2.7 ˆ 1.5 m farrowing crates, with the exception of three litters which were housed in 2.8 ˆ 2.2 m
farrowing crates (this had no influence on feeding frequency Fp1,119q = 1.59, p = 0.21 for instance between
the two types of pens, and only one of those pigs was observed as an IN treatment for social behavior).
Piglets were not provided with creep feed during lactation. In each litter, on the day prior to weaning
(day 0), pigs were individually weighed and marked using plastic colored ear tags. Treatments were then
allocated balancing for body weight across treatments. Males were not castrated as is common practice
in other countries. The farrowing house was kept around 19 ˝C, with the creep area for piglets at 28 ˝C,
and with light on from 0700 to 1600 h.

On the day of weaning (day 1), six pigs (three males and three females) were removed from their
crate according to the normal weaning process around 0800 h. During the handling process, one male
and one female from each litter were administered with either of three treatments: intranasal OT (‘IN’),
subcutaneous OT (‘SC’), or simply handled as a control. The first treatment consisted of 24 International
Unit of OT delivered intranasally (equivalent to 50 µg; peptide content 82%, peptide purity > 95% ,
Auspep, Tullamarine, VIC, Australia), diluted in 0.5 mL of 0.9% saline with 0.25 mL in each nostril,
using a validated procedure [18]. The treatment was delivered using a Mucosal Atomizer Device (MAD
300, Wolfe Tory Medical Inc., Salt Lake City, UT, USA) connected to a 1 mL syringe, with the pig
maintained in a head-up position. If the pig expelled the solution, a second administration (half-dose)
was delivered in that nostril, which occurred in 6 out of 48 IN pigs. The second treatment consisted in
10 International Unit per kg of body weight of OT subcutaneously (equivalent to 21 µg per kg; Ilium
Syntocin, Troy Laboratories, Glendenning, NSW, Australia), injected in the neck area behind the ear,
with a half dose on each side, using a validated procedure [19]. Because pigs weighed about 8 kg, the SC
dose was about three times higher than the IN dose of oxytocin. The third treatment consisted in a control
treatment for which the pig was held for the same amount of time as for the two previous treatments with
its nose touched. Treatments on average required handling the pigs between 30 and 45 sec, and pigs
were individually marked with colored livestock spray paint according to their treatment.

The pigs were then separated per sex according to the farm’s practices, transported to another shed
about 200 m away using a trolley, and placed into one of eight 3.4 m ˆ 1.6 m weaner pens of 18 pigs
per pen by mixing six litters together, hence with an equal representation of each treatment. Each pen
contained a five-head space feeder and a nipple drinker located at each end of the pen. At the time
of placement, pigs were administered a Mycoplasma hyopneumoniae vaccination given intramuscularly
(RespiSure ONE, Pfizer Animal Health, West Ride, NSW, Australia). The weaner shed was kept around
26 ˝C, and with light on from 0700 to 1600 h. Pigs were finally transferred 31 days after weaning from
the weaner to a grower facility located 150 km away.

2.2. Weight Measurements

Pigs were individually weighed one day prior to weaning, and 2, 7, 20 and 38 days after weaning
using a portable scale with the weight recorded to the second digit.

2.3. Behavioral Observations

Behaviors were recorded through video cameras (GoPro model Hero3 white edition, GoPro Inc.,
San Mateo, CA, USA) placed above each of the weaner pens. Video recordings were analyzed for
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feeding, drinking and social behavior according to an ethogram (Table 1). Feeding and drinking
behavioral observations were conducted by a single observer using a continuous recording method for
4 h after weaning and recording the frequency and duration of visits at the feeder and contacts with
the nipple drinker with The Observer software (version 8.0, Noldus, the Netherlands). Social behavioral
observations were conducted by a different observer using a continuous recording method for a 1 h period
starting 30 min after weaning and recording the frequency of highly aggressive, mildly aggressive, or
non-aggressive social behaviors performed by the focal pig, whether it was the initiator or recipient
of that social exchange, and the treatment of the pig with which the focal pig interacted. Although
the classification of social interactions as highly aggressive or mildly aggressive may seem arbitrary, it
allowed to distinguish between brief negative social interactions (classified as mildly aggressive) and
more pronounced or sustained negative social interactions (duration ě 5 sec or intensity ě two bites,
classified as highly aggressive). For social behaviors, only half the pigs in each pen (n = 9 per pen),
selected at random, were studied with three pigs from each treatment per pen and a total of 72 focal pigs.
Social behaviors were recorded using Microsoft Excel. All observers were blind to treatments.

Table 1. Ethogram for behavioral observations, adapted from [18].

Behaviour Description

Maintenance behaviors
Feeding Head in the feeder with both ears not visible
Drinking Snout in physical contact with the drinker
Social behaviors
High aggression Bout lasts for ě 5 sec of head knock, pursuit, parallel push and/or ě

two bites is delivered to the penmate
Mild aggression Bout lasts for < 5 sec of head knock, pursuit, parallel push and/or one

bite is delivered to the penmate
Non-aggressive Snout to snout contact or any other touch with the snout of any

penmate’s body parts

2.4. Physiological Analyses

Blood samples were collected from half of the pigs in each pen (n = 72) 4 h after weaning on day
1, selected at random, and from the other half of the pigs in each pen (n = 72) 28 h after weaning
on day 2, to study the change of physiological parameters over time with blood collected at the same
time of the day across both samplings and balanced across treatments. Blood samples were withdrawn
via jugular venipuncture through manual arm restraint with a bleeder and a second person holding the
pig, within 2 min which is not expected to influence basal plasma cortisol concentrations [20]. Blood
samples were collected in 10mL lithium heparin tubes (BD vacutainer, North Ryde, NSW, Australia)
that were then stored on ice. Blood samples for the peripheral leukocyte populations were kept at 4 ˝C
and run through a blood analyzing system (Cell Dyn 3700, Abbott Diagnostics, Abbott Park, IL, USA)
within 3 h of collection to determine the neutrophil:lymphocyte ratio. The rest of the blood samples
were centrifuged with the plasma fraction transferred to microtubes for long-term storage at´20 ˝C. All
samples were assayed in duplicate. Plasma cortisol concentrations were quantified using a commercial
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ELISA kit (Enzo Life Sciences, Farmingdale, NY, USA). Samples were diluted to 1:16 to fall within the
standard curve and the sensitivity of the assay was 156 pg/mL. Mean intra- and inter-assay CVs were
<6% and <9%, respectively. Plasma C-reactive protein (CRP) was measured using a commercial ELISA
kit (Phase Porcine CRP Assay Kit, Tri Delta, Maynooth, Ireland). Samples were diluted to 1:800 to fall
within the standard curve and the sensitivity of the assay was 46.9 ng/mL. Mean intra- and inter-assay
CVs were <4% and <9%, respectively. Plasma Tumor Necrosis Factor α (TNF α) concentrations were
quantified using a commercial ELISA kit (Porcine TNF α ELISA kit, Thermo Fisher Scientific Inc.,
Rockford, IL, USA). The sensitivity of the assay was 31.3 pg/mL. Only 62 samples were analyzed for
TNF α (IN: n = 20; SC: n = 22; Controls: n = 20), and 30 of these samples returned values below the
31.3 pg/mL detection threshold (IN: n = 11; SC: n = 10; Controls: n = 9).

2.5. Statistical Analyses

All data were checked for normality and homogeneity of variance. Square root transformation was
necessary for the duration of feeder visit. Data were subsequently analyzed using a mixed model
(PROC MIXED) with the SAS statistical software (version 9.3, SAS Inst. Inc., Cary, NC, USA).
The model included litter, treatment, sex, and their interaction if significant. The experimental design
can be considered a 3 ˆ 2 factorial design with the effects of treatment and sex. Weaning pen was
considered the experimental unit for the effect of sex, and pigs nested within pens was considered
the experimental unit for the effect of treatment, with the error terms chosen accordingly for each
effect [21]. For the physiological variables, time bled after weaning (4 or 28 h) was added to the
model, and its interactions with treatment and sex. For body weight and growth rate, measurements
were accounted as repeated measures using day after weaning in the repeated statement in SAS. When
significant interactions (p < 0.05) were detected, adjustments to the level of significance of the p-value
were used to account for the number of pairwise comparisons between treatments on specific days or
between days for specific treatments using Tukey-Kramer adjustments. Pearson correlations of SAS
(PROC CORR) were conducted between physiological variables. Data are presented as least square
means ˘ SE unless otherwise stated.

3. Results

3.1. Body Weight and Growth

Because treatments were allocated balancing for body weight, there were no differences in body
weight prior to weaning (means ˘ SE: Intranasal OT: male 8.5 ˘ 1.5 kg, female 8.1 ˘ 1.4 kg;
Subcutaneous OT: male 8.1 ˘ 1.5 kg, female 7.9 ˘ 1.3 kg; Controls: male 8.3 ˘ 1.5 kg, female
7.9 ˘ 1.3 kg).

Body weight did not differ according to treatment (Fp2,12q = 0.99, p = 0.40; Figure 1), or sex
(Fp1,6q = 0.76, p = 0.42). Body weight differed according to the day (Fp4,72q = 1344.92, p < 0.001),
and tended to differ according to the interaction of treatment and day (Fp8,72q = 1.75, p = 0.10), with IN
pigs being lighter than control pigs 38 days after weaning (p = 0.01; Figure 1). Body weight also differed
according to the interaction of sex and day (Fp4,72q = 2.35, p = 0.06), with females tending to be lighter
than males 20 days after weaning (14.4 ˘ 0.3 kg vs. 15.2 ˘ 0.3 kg, respectively, p = 0.06).
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Growth rate did not differ according to treatment (Fp2,12q = 1.63, p = 0.23), or sex (Fp1,6q = 0.03,
p = 0.87), but differed according to the interval between sampling days (Fp3,60q = 486.31, p < 0.001), and
the interaction of sex and interval (Fp3,60q = 6.43, p < 0.001). Females had a faster growth rate than males
between 20 and 38 days after weaning (538.7 ˘ 15.5 g/d vs. 455.7 ˘ 15.5 g/d, respectively, p = 0.004).
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Figure 1. Body weight according to day relative to weaning and treatment (Least-square
means ˘ standard errors; * p < 0.05). N = 48 per treatment.

3.2. Physiology

3.2.1. Cortisol

Plasma cortisol concentration did not differ according to treatment (Fp2,12q = 0.34, p = 0.72;
Table 2), or sex (Fp1,6q = 0.46, p = 0.53). Plasma cortisol concentration differed according to the
time after weaning (Fp1,15q = 431.66, p < 0.001), and the interaction of sex and time after weaning
(Fp1,15q = 4.53, p = 0.05), with females tending to have lower cortisol concentrations than males 4 h after
weaning (103.7 ˘ 4.5 ng/mL vs. 116.0 ˘ 4.4 ng/mL, p = 0.07) and both sexes showing lower cortisol
concentrations at 28 h compared to 4 h after weaning (p < 0.001).
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Table 2. Physiological variables according to time after weaning and treatment (Least-square
means ˘ standard errors, ab: values with different subscripts differed at p < 0.05). N = 24
per treatment for each time after weaning (4 or 28 h).

Variables 4 h 28 h
Intranasal
oxytocin

Subcutaneous
oxytocin

Control
Intranasal
oxytocin

Subcutaneous
oxytocin

Control

Cortisol (ng/mL) 111.1 ˘ 5.3a 108.1 ˘ 5.8a 110.4 ˘ 5.3a 22.7 ˘ 5.3b 17.1 ˘ 5.3b 17.3 ˘ 5.3b

Neutrophil:lymphocyte
ratio (arbitrary units)

3.10 ˘ 0.26a 3.85 ˘ 0.25a 3.29 ˘ 0.27a 0.95 ˘ 0.25b 0.85 ˘ 0.24b 1.39 ˘ 0.25b

C-reactive protein
(mg/mL)

0.97 ˘ 0.18 1.14 ˘ 0.19 0.88 ˘ 0.23 1.01 ˘ 0.15 0.96 ˘ 0.15 1.02 ˘ 0.15

Tumor Necrosis
Factor α (pg/mL)1

40.1 ˘ 50.7 22.6 ˘ 31.6 31.4 ˘ 47.8 121.4 ˘ 33.8 78.3 ˘ 37.8 28.7 ˘ 34.7

1 For this variable, samples from only 62 pigs were analyzed (IN: N = 20; SC: N = 22; Controls: N = 20).

3.2.2. Neutrophil:lymphocyte Ratio

The neutrophil:lymphocyte ratio did not differ according to treatment (Fp2,12q = 1.06, p = 0.38), or sex
(Fp1,6q = 0.44, p = 0.38), but differed according to the time after weaning (Fp1,15q = 128.74, p < 0.001),
and tended to differ according to the interaction of treatment and time after weaning (Fp2,15q = 2.66,
p < 0.10; Table 2), with all treatments showing a lower neutrophil:lymphocyte ratio at 28 h compared to
4 h after weaning (all p < 0.001), but with no differences between treatments at either time (4 h: p = 0.13
and 28 h: p = 0.28). Cortisol concentration and neutrophil:lymphocyte ratio were positively correlated
(r = 0.64, p < 0.001).

3.2.3. C-Reactive Protein

Plasma CRP concentration did not differ according to treatment (Fp2,12q = 0.17, p = 0.85; Table 2),
sex (Fp1,6q = 0.18, p = 0.69), or time after weaning (Fp1,15q = 0.00, p = 1.00). C-reactive protein did not
correlate with cortisol concentration or neutrophil:lymphocyte ratio (r = ´0.07, p = 0.49 and r = 0.06,
p = 0.59; respectively).

3.2.4. Tumor Necrosis Factor α

Plasma TNF α concentration did not differ according to treatment (Fp2,12q = 0.72, p = 0.51; Table 2),
sex (Fp1,6q = 0.66, p = 0.45), or the time after weaning (Fp1,15q = 1.87, p = 0.19). Tumor Necrosis
Factor α did not correlate with cortisol concentration, neutrophil:lymphocyte ratio, or CRP concentration
(r = ´0.25, p = 0.17; r = ´0.23, p = 0.22; r = 0.20, p = 0.28; respectively).
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3.3. Behavior

3.3.1. Feeding Behavior

The frequency of feeder visits tended to differ according to treatment (Fp2,12q = 2.88, p < 0.10;
Table 3), with SC pigs visiting the feeder more frequently than IN pigs (p = 0.08), but with no difference
between IN or SC pigs and control pigs. The frequency of feeder visits did not differ according to sex
(Fp1,6q = 0.02, p = 0.89). The mean duration of feeder visits did not differ according to treatment
(Fp2,12q = 1.99, p = 0.18), or sex (Fp1,6q = 0.01, p = 0.92).

Table 3. Feeding and drinking behavior according to treatment (Least square
means ˘ standard errors; xy: values with different subscripts tended to differ at p < 0.10).
N = 48 per treatment.

Variables
Intranasal
oxytocin

Subcutaneous
oxytocin

Control

Feeding frequency (bouts per 4 h) 16.3 ˘ 2.2x 22.2 ˘ 2.2y 19.8 ˘ 2.2xy

Feeding duration (sec per 4 h)1 305.2 ˘ 65.8 414.2 ˘ 65.8 379.0 ˘ 65.8

Drinking frequency (bouts per 4 h) 16.1 ˘ 3.1 11.5 ˘ 3.1 15.3 ˘ 3.1

Drinking duration (sec per 4 h) 180.5 ˘ 34.9 117.5 ˘ 34.9 128.9 ˘ 34.9
1 Data were analyzed using the square root transformation but are presented as non-transformed.

3.3.2. Drinking Behavior

The frequency of using the drinker did not differ according to treatment (Fp2,12q = 0.78, p = 0.48;
Table 3), but tended to differ according to sex (Fp1,6q = 4.04, p = 0.09), with males using the drinker more
often than females (18.6 ˘ 3.1 bouts vs. 10.0 ˘ 3.1 bouts). The mean duration of use of the drinker
did not differ according to treatment (Fp2,12q = 1.14, p = 0.35; Table 3), but tended to differ according to
sex (Fp1,6q = 3.92, p < 0.10), with males using the drinker for longer than females (189.0 ˘ 33.4 sec vs.
96.6 ˘ 33.4 sec).

3.3.3. Social Behavior

The frequency of social behavior did not differ accordingly to treatment (Fp2,12q = 2.23, p = 0.15),
or sex (Fp1,6q = 0.65, p = 0.45), but tended to differ according to the interaction of treatment and sex
(Fp2,12q = 2.83, p < 0.10), with SC females tending to initiate more social behavior than control females
(51.8˘ 7.2 bouts vs. 35.2˘ 7.1 bouts, p = 0.09), but IN females were not different from control females
(49.8 ˘ 7.0 bouts, p = 0.14).

In terms of type of social behavior, 69.3% were non-aggressive, 20.3% mildly aggressive, and
10.4% highly aggressive social behaviors (Figure 2). The frequency of mild aggression tended to differ
according to treatment (Fp2,12q = 3.19, p = 0.08), with SC pigs tending to deliver more mild aggression
than control pigs (p = 0.09), but IN pigs were not different from control pigs (p = 0.14). The frequency of
mild aggression did not differ according to sex (Fp1,6q = 1.98, p = 0.21). The frequency of high aggression
or non-aggressive behaviors did not differ according to treatment, sex, or their interaction.
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The target for mild aggression also differed according to treatment (Fp2,12q = 4.92, p = 0.03; Figure 3),
with SC pigs delivering more mild aggression toward control pigs than control pigs to their own
(p = 0.03) and IN pigs tending to deliver more mild aggression toward control pigs than control pigs
to their own (p = 0.10). In return, the amount of mild aggression delivered by control pigs also differed
according to treatment (Fp2,12q = 3.78, p = 0.05), with control pigs delivering more mild aggression
toward SC pigs than to their own (p = 0.04), IN pigs being not different (p = 0.28).

Treatments had no effect on the social dynamic of non-aggressive behavior (Figure 4).

4. Discussion

To our knowledge, no study has directly compared the effects of acute intranasal and subcutaneous
OT administration. Oxytocin administration resulted in higher levels of mild aggression with
control pigs, opposite effects on feed intake, and lower body weight 38 days post-weaning for
intranasally-administered OT pigs. However, acute OT administration did not result in any noticeable
physiological changes 4 or 28 h post-weaning.

Oxytocin administration resulted in higher levels of mild aggression in the group, but did not change
non-aggressive, socio-positive behaviors. A previous study showed that intranasally-administered
OT pigs were involved in more aggressive encounters and less non-aggressive social contacts [18],
although this study could not identify whether OT pigs were the initiator or the recipient of this
aggression. The present findings still could not clarify this point: OT-administered pigs engaged in
more mild aggressive behaviors, and preferentially toward control pigs rather than OT treated pigs, but
OT-administered pigs also received more mild aggression from control pigs. Two possible explanations
are that OT administration affects social skills, as evidenced by OT knockout mice [22], resulting in
abnormal social behavior; or that OT administration increases aggression. The in-group vs. out-group
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hypothesis has been emitted, in that OT facilitates group cohesion but defensive aggression toward
strangers [23]. Unfortunately, we did not record the identity of litters to determine the number and
type of social interactions directed toward littermates (two in each pen) vs. unacquainted pigs (15 in
each pen). The effect of OT administration in established groups vs. unacquainted or newly mixed
groups is an interesting question, because oxytocin effects are context-dependent [24]. However, OT
administration did not affect non aggressive, socio-positive contacts in the present study. Social effects
could differ in same treatment groups, i.e., if all penmates were administered OT, as most behavioral
changes were observed between rather than within treatments here. A third explanation is that OT may
reduce anxiety [25], with weaning triggering an anxious reaction to the novel situation, causing the
OT-administered pigs to be less fearful of social confrontation to establish the dominance hierarchy;
hence OT switching pigs to a potentially more adaptive social strategy. The subsequent dominance
status reached by OT-administered pigs was not tested. It would also be interesting to test whether OT
influences unilateral aggression (unilateral biting, head knocks, pursuit), or rather reciprocal aggression
(fighting, parallel pushing).

Subcutaneous OT administration resulted in greater effects on social behavior than intranasal
OT administration. Both central (intranasal) and peripheral (subcutaneous or intraperitoneal)
OT administration have been shown to result in higher central but also peripheral (blood) OT
concentrations [26,27]. However, different routes of administration are known to result in different
pharmacodynamics, and Neumann and colleagues [27] have shown that peripheral (intraperitoneal) OT
administration resulted in quicker changes in central OT concentration and larger changes in plasma OT
concentration than intranasal OT administration. In our study, subcutaneous OT was also administered at
a dose about three times higher than intranasal OT, which could explain its more potent effects. It cannot
be ruled out whether the different sources of OT used for intranasal (95% pure peptide diluted in saline)
and subcutaneous administration (Syntocin; OT diluted in preservatives) played a role in determining the
effects. The fact that OT administration had more salient effects on the social behavior of females than
males is well-known [28].

The reason for opposite effects of OT administration on feed intake according to the mode of
administration, with subcutaneous pigs frequenting the feeder more than intranasal pigs, is unclear.
Oxytocin administered centrally is known to reduce feed intake [29,30]. Other studies using repeated
subcutaneous OT administration have reported no effects or a decrease in feed intake [16,31]. It may
reflect different actions according to the triggered physiological pathway. Acute administration of
intranasal OT also resulted in slightly lower weight 38 days after weaning. This finding is consistent with
the lower feed intake in intranasal OT administered pigs observed after weaning. It suggests a subtle but
long-term effect of acute intranasal OT administration. Long-term effects of OT administration have been
reported in pigs with repeated postnatal OT administration from one to three days of age dysregulating
the hypothalamo-pituitary-adrenal (HPA) axis in the long-term [18]. Nevertheless, that previous study
did not find any effect of intranasal OT administration on weight up to slaughter age, much later than
the period studied here. Despite the fact that IN pigs showed significantly lighter weights only 38 days
after weaning, with the move from the weaner to the grower facility occurring a week prior to that, this
weight difference appeared as a progressive change visible from 20 days onwards, rather than an abrupt
change triggered by the second move and potential stress.
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A single administration of subcutaneous OT did not affect the body weight or growth rate of pigs over
the six weeks after weaning. In our previous study [19], subcutaneous OT daily injections to pigs for the
first two weeks of life resulted in lower weight loss by two days post-weaning. Despite subcutaneously
administered pigs observed more frequently at the feeder over the 4 h after weaning, these pigs did
not show any changes in growth rate. Nevertheless, weight loss in the previous study [19] was a lot
more severe than in the present experiment, with an average of 250 g/d weight loss whereas the pigs in
this present experiment maintained a stable body weight, 3 g/d weight loss in average, over the same
period. Hence, stress effects appeared much less pronounced in this study compared to the previous
study. This was most likely due to the fact that pigs were housed in groups in the present experiment
(common industry situation), but individually after weaning in the previous experiment, which was likely
much more stressful and possibly exacerbated the context-dependent actions of OT [24]. It could also
be due to the age difference with the pigs weaned at 30 days in the present experiment and 21 days of
age in the previous experiment. This lower stress effect may have reduced the chances of detecting an
effect of OT administration after weaning in the present experiment. Furthermore, we did not observe
any delayed growth advantage as reported for repeated subcutaneously OT administered pigs between
three and four weeks post-weaning [19]. Nevertheless, those three studies conducted on the effects of OT
administration in pigs differed in the frequency of administration as well as the age of the subjects, which
possibly underlies divergent outcomes [32]. The effects of OT on behavior and physiology are complex,
and have been shown for instance to differ according to the route of administration [29], doses [33],
growth-rate strains in rats [16], or context and individuals [24]. Oxytocin has also been shown to reduce
water intake following intracerebroventricular and intraperitoneal administration in rats [30], but no
effects could be found here following intranasal or subcutaneous administration.

Weaning in pigs is associated with gut inflammation [34], and OT has been shown to
have anti-inflammatory actions. Subcutaneous infusion of OT in rats reduces neutrophils [35],
T-lymphocytes [36], and TNF α [35,36], a proinflammatory cytokine with a pivotal role in the
inflammation response. However, the single OT administration used in the present study had no effects
on leukocytes population or TNF α. Oxytocin was not found to affect plasma CRP, an acute phase protein
which is released abundantly as part of a non-specific innate immune system response [37], particular
as part of the inflammatory response in pigs [38]. No previous studies could be found that investigated
the effects of OT on CRP, although the anti-inflammatory action of OT was expected to reduce CRP.
Plasma CRP concentrations were also about 5 to 10 times higher than previously reported serum CRP
concentrations [39–41], likely due to the fact that CRP was measured in plasma rather than serum as
recommended by the kit’s manufacturer.

Oxytocin administration had no effects on stress physiological variables taken 4 and 28 h
post-weaning. In contrast to the single dose used here, repeated postnatal OT intranasal administration
has been shown to affect the HPA axis in pigs [18]. The finding that females adapt better to weaning than
males is consistent with the literature [6,19], and the sharp reduction in cortisol concentration from 4 to
28 h after weaning was expected as pigs adapt to their novel physical and social environment. Cortisol
concentration and neutrophil:lymphocyte ratio were positively correlated, supporting that both measures
can be used as indicators of the stress response [42,43].
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5. Conclusions

This study showed little effects of administering OT immediately prior to weaning pigs in order
to reduce the stress response observed after weaning. Subcutaneous and intranasal OT administration
resulted in higher levels of mild aggression with control pigs, opposite effects on feed intake, and lower
body weight 38 days post-weaning for intranasally-administered OT pigs. However, OT administration
did not result in any noticeable physiological changes (neutrophil:lymphocyte ratio, plasma cortisol,
CRP and TNF-α) 4 or 28 h post-weaning. Hence, these findings do not support the use of a single
administration of oxytocin to improve the ability of pigs to cope with weaning, at least not in the
conditions studied here.

Acknowledgments

The authors thank Tracy Kennett, David Lines, Maria Monica Mungcal, Nicolau Casal Plana,
Guilherme Vinicius Rodrigues, Megan Skarajew, Tracie Storey, Rebecca Woodhouse, and the staff from
Australian Pork Farms Group for their help with conducting this project.

Author Contributions

All authors contributed to designing the experiment. Jean-Loup Rault and John Pluske conducted the
experimental work. All authors contributed to analyzing the data and writing of the manuscript.

Conflicts of Interest

The authors declare no conflict of interest including any financial, consulting or other relationships
with people or organizations that could inappropriately influence this work. This work was partially
funded by a national competitive grant from Australian Pork Limited (2014/2136).

References

1. Jensen, P.; Recen, B. When to wean: observations from free-ranging domestic pigs. Appl. Anim.
Behav. Sci. 1989, 23, 49–60. [CrossRef]

2. Pluske, J.R.; Williams, I.H.; Aherne, F.X. Nutrition of the neonatal pig. In The Neonatal
Pig Development and Survival; Varley, M.A., Ed.; CAB International: Wallingford, UK, 1995;
pp. 187–235.

3. Weary, D.M.; Jasper, J.; Hotzel, M.J. Understanding weaning distress. Appl. Anim. Behav. Sci.
2008, 110, 24–41. [CrossRef]

4. Pluske, J.R.; Hampson, D.J.; Williams, I.H. Factors influencing the structure and function of the
small intestine in the weaned pig: A review. Livest. Prod. Sci. 1997, 51, 215–236. [CrossRef]

5. Fraser, D. Observations on the behavioural development of suckling and early-weaned piglets
during the first six weeks after birth. Anim. Behav. 1978, 26, 22–30. [CrossRef]

6. Dunshea, F.R.; Kerton, D.J.; Eason, P.J.; King, R.H. Supplemental skim milk before and after
weaning improves growth performance of pigs. Aust. J. Agr. Res. 1999, 50, 1165–1170. [CrossRef]

http://dx.doi.org/10.1016/0168-1591(89)90006-3
http://dx.doi.org/10.1016/j.applanim.2007.03.025
http://dx.doi.org/10.1016/S0301-6226(97)00057-2
http://dx.doi.org/10.1016/0003-3472(78)90004-0
http://dx.doi.org/10.1071/AR98208


Animals 2015, 5 558

7. Pajor, E.A.; Fraser, D.; Kramer, D.L. Consumption of solid food by suckling pigs: Individual
variation and relation to weight gain. Appl. Anim. Behav. Sci. 1991, 32, 139–155. [CrossRef]

8. de Lange, C.F.M.; Pluske, J.; Gong, J.; Nyachoti, C.M. Strategic use of feed ingredients and feed
additives to stimulate gut health and development in young pigs. Livest. Sci. 2010, 134, 124–134.
[CrossRef]

9. Lalles, J.-P.; Bosi, P.; Smidt, H.; Stokes, C.R. Weaning—A challenge to gut physiologists.
Livest. Sci. 2007, 108, 82–93. [CrossRef]

10. Kutzer, T.; Bunger, B.; Kjaer, J.B.; Schrader, L. Effects of early contact between non-littermate
piglets and of the complexity of farrowing conditions on social behavior and weight gain.
Appl. Anim. Behav. Sci. 2009, 121, 16–24. [CrossRef]

11. Kendrick, K.M.; Keverne, E.B.; Baldwin, B.A. Intracerebroventricular oxytocin stimulates
maternal behaviour in the sheep. Neuroendocrinology 1987, 46, 56–61. [CrossRef] [PubMed]

12. Insel, T.R. Is social attachment an addictive disorder? Physiol. Behav. 2003, 79, 351–357.
[CrossRef]

13. Carter, C.S.; Grippo, A.J.; Pournajafi-Nazarloo, H.; Ruscio, M.G.; Porges, S.W. Oxytocin,
vasopressin and sociality. Progr. Brain Res. 2008, 170, 331–336.

14. Insel, T.R.; Winslow, J.T. Central administration of oxytocin modulates the infant rats response to
social isolation. Eur. J. Pharmacol. 1991, 203, 149–152. [CrossRef]

15. Kavushansky, A.; Leshem, M. Role of oxytocin and vasopressin in the transitions of weaning in the
rat. Dev. Psychobiol. 2004, 45, 231–238. [CrossRef] [PubMed]

16. Uvnas-Moberg, K.; Alster, P.; Petersson, M. Dissociation of oxytocin effects on body weight in two
variants of female Sprague-Dawley rats. Int. Physiol. Behav. Sci. 1996, 31, 44–55. [CrossRef]

17. Uvnas-Moberg, K.; Alster, P.; Petersson, M.; Sohlstrom, A.; Bjorkstrand, E. Postnatal oxytocin
injections cause sustained weight gain and increased nociceptive thresholds in male and female
rats. Pediatr. Res. 1998, 43, 344–348. [CrossRef] [PubMed]

18. Rault, J.-L.; Carter, C.S.; Garner, J.P.; Marchant-Forde, J.N.; Richert, B.T.; Lay, D.C., Jr. Repeated
intranasal oxytocin administration in early life dysregulates the HPA axis and alters social behavior.
Physiol. Behav. 2013, 112–113, 40–48. [CrossRef] [PubMed]

19. Rault, J.-L.; Ferrari, J.; Pluske, J.R.; Dunshea, F.R. Neonatal oxytocin administration and
supplemental milk ameliorate the weaning transition and alter hormonal expression in the
gastrointestinal tract in pigs. Dom. Anim. Endocrinol. 2015, 51, 19–26. [CrossRef] [PubMed]

20. Broom, D.M.; Johnson, K.G. Stress and Animal Welfare; Chapman and Hall: London, UK, 1993.
21. St Pierre, N.R. Design and analysis of pen studies in the animal sciences. J. Dairy Sci. 2007, 90,

E87–E99. [CrossRef] [PubMed]
22. Ferguson, J.N.; Young, L.J.; Hearn, E.F.; Matzuk, M.M.; Insel, T.R.; Winslow, J.T. Social amnesia

in mice lacking the oxytocin gene. Nat. Genet. 2000, 25, 284–288. [PubMed]
23. De Dreu, C.K.W. Oxytocin modulates cooperation within and competition between groups: An

integrative review and research agenda. Horm. Behav. 2012, 61, 419–428. [CrossRef] [PubMed]
24. Bartz, J.A.; Zaki, J.; Bolger, N.; Ochsner, K.M. Social effects of oxytocin in humans: context and

person matter. Trends Cogn. Sci. 2011, 15, 301–309. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0168-1591(05)80038-3
http://dx.doi.org/10.1016/j.livsci.2010.06.117
http://dx.doi.org/10.1016/j.livsci.2007.01.091
http://dx.doi.org/10.1016/j.applanim.2009.08.004
http://dx.doi.org/10.1159/000124796
http://www.ncbi.nlm.nih.gov/pubmed/3614555
http://dx.doi.org/10.1016/S0031-9384(03)00148-3
http://dx.doi.org/10.1016/0014-2999(91)90806-2
http://dx.doi.org/10.1002/dev.20031
http://www.ncbi.nlm.nih.gov/pubmed/15549682
http://dx.doi.org/10.1007/BF02691480
http://dx.doi.org/10.1203/00006450-199803000-00006
http://www.ncbi.nlm.nih.gov/pubmed/9505272
http://dx.doi.org/10.1016/j.physbeh.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23481917
http://dx.doi.org/10.1016/j.domaniend.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25481273
http://dx.doi.org/10.3168/jds.2006-612
http://www.ncbi.nlm.nih.gov/pubmed/17517755
http://www.ncbi.nlm.nih.gov/pubmed/10888874
http://dx.doi.org/10.1016/j.yhbeh.2011.12.009
http://www.ncbi.nlm.nih.gov/pubmed/22227278
http://dx.doi.org/10.1016/j.tics.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21696997


Animals 2015, 5 559

25. Guastella, A.J.; Howard, A.L.; Dadds, M.R.; Mitchell, P.; Carson, D.S. A randomized controlled
trial of intranasal oxytocin as an adjunct to exposure therapy for social anxiety disorder.
Psychoneuroendocrino 2009, 34, 917–923. [CrossRef] [PubMed]

26. Mens, W.B.J.; Witter, A.; Van Wimersma Greidanus, T.B. Penetration of neurohypophyseal
hormones from plasma into cerebrospinal fluid (csf): Halftimes of disappearance of these
neuropeptides from csf. Brain Res. 1983, 262, 143–149. [CrossRef]

27. Neumann, I.D.; Maloumby, R.; Beiderbeck, D.I.; Lukas, M.; Landgraf, R. Increased brain and
plasma oxytocin after nasal and peripheral administration in rats and mice. Psychoneuroendocrino
2013, 38, 1985–1993. [CrossRef] [PubMed]

28. Carter, C.S. Sex differences in oxytocin and vasopressin: implications for autism spectrum
disorders? Behav. Brain Res. 2007, 176, 170–186. [CrossRef] [PubMed]

29. Verbalis, J.; Blackburn, R.; Hoffman, G.; Stricker, E. Establishing behavioral and physiological
functions of central oxytocin: insights from studies of oxytocin and ingestive behaviors. Adv. Exp.
Med. Biol. 1995, 395, 209–225. [PubMed]

30. Benelli, A.; Bertolini, A.; Arletto, R. Oxytocin-induced inhibition of feeding and drinking: No
sexual dimorphism in rats. Neuropeptides 1991, 20, 57–62. [CrossRef]

31. Maejima, Y.; Iwasaki, Y.; Yamahara, Y.; Kodaira, M.; Sedbazar, U.; Yada, T. Peripheral oxytocin
treatment ameliorates obesity by reducing food intake and visceral fat mass. Aging 2011, 3,
1169–1177. [PubMed]

32. Huang, H.; Michetti, C.; Busnelli, M.; Manago, F.; Sannino, S.; Scheggia, D.; Giancardo, L.;
Sona, D.; Murino, V.; Chini, B.; et al. Chronic and acute intranasal oxytocin produce divergent
social effects in mice. Neuropsychopharmacology 2014, 39, 1102–1114. [CrossRef] [PubMed]

33. Bales, K.L.; van Westerhuyzen, J.A.; Lewis-Reese, A.D.; Grotte, N.D.; Lanter, J.A.; Carter, C.S.
Oxytocin has dose-dependent developmental effects on pair-bonding and alloparental care in
female prairie voles. Horm. Behav. 2007, 52, 274–279. [CrossRef] [PubMed]

34. Pié, S.; Lalles, J.P.; Blazy, F.; Laffitte, J.; Seve, B.; Oswald, I.P. Weaning is associated with an
upregulation of expression of inflammatory cytokines in the intestine of piglets. J. Nutr. 2004, 134,
641–647. [PubMed]

35. Iseri, S.O.; Sener, G.; Saglam, B.; Gedik, N.; Ercan, F.; Yegen, B.C. Oxytocin ameliorates oxidative
colonic inflammation by a neutrophil-dependent mechanism. Peptides 2005, 26, 483–491.
[CrossRef] [PubMed]

36. Jankowski, M.; Bissonauth, V.; Gao, L.; Gangal, M.; Wang, D.; Danalache, B.; Wang, Y.;
Stoyanova, E.; Cloutier, G.; Blaise, G.; Gutkowska, J. Anti-inflammatory effect of oxytocin in
rat myocardial infarction. Basic Res. Cardiol. 2010, 105, 205–218. [CrossRef] [PubMed]

37. Baumann, H.; Gauldie, J. The acute phase response. Immunol. Today 1994, 15, 74–80. [CrossRef]
38. Eckersall, P.D.; Saini, P.K.; McComb, C. The acute phase response of acid soluble glycoprotein,

α1-acid glycoprotein, ceruloplasmin, haptoglobin and C-reactive protein, in the pig. Vet. Immunol.
Immunopathol. 1996, 51, 377–385. [CrossRef]

39. Parra, M.D.; Fuentes, P.; Tecles, F.; Martinez-Subiela, S.; Martinez, J.S.; Munoz, A.; Ceron, J.J.
Porcine acute phase protein concentrations in different diseases in field conditions. J. Vet. Med. B.
2006, 53, 488–493. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.psyneuen.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19246160
http://dx.doi.org/10.1016/0006-8993(83)90478-X
http://dx.doi.org/10.1016/j.psyneuen.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23579082
http://dx.doi.org/10.1016/j.bbr.2006.08.025
http://www.ncbi.nlm.nih.gov/pubmed/17000015
http://www.ncbi.nlm.nih.gov/pubmed/8713970
http://dx.doi.org/10.1016/0143-4179(91)90040-P
http://www.ncbi.nlm.nih.gov/pubmed/22184277
http://dx.doi.org/10.1038/npp.2013.310
http://www.ncbi.nlm.nih.gov/pubmed/24190025
http://dx.doi.org/10.1016/j.yhbeh.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17553502
http://www.ncbi.nlm.nih.gov/pubmed/14988461
http://dx.doi.org/10.1016/j.peptides.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15652655
http://dx.doi.org/10.1007/s00395-009-0076-5
http://www.ncbi.nlm.nih.gov/pubmed/20012748
http://dx.doi.org/10.1016/0167-5699(94)90137-6
http://dx.doi.org/10.1016/0165-2427(95)05527-4
http://dx.doi.org/10.1111/j.1439-0450.2006.01002.x
http://www.ncbi.nlm.nih.gov/pubmed/17123428


Animals 2015, 5 560

40. Salamano, G.; Mellia, E.; Candiani, D.; Ingravalle, F.; Bruno, R.; Ru, G.; Doglione, L. Changes
in haptoglobin, C-reactive protein and pig-MAP during a housing period following long distance
transport in swine. Vet. J. 2008, 177, 110–115. [CrossRef] [PubMed]

41. Frank, J.W.; Carroll, J.A.; Allee, G.L.; Zanelli, M.E. The effects of thermal environment and
spray-dried plasma on the acute-phase response of pigs challenged with lipopolysaccharide.
J. Anim. Sci. 2003, 81, 1166–1176. [PubMed]

42. Widowski, T.; Curtis, S.; Graves, C. The neutrophil:lymphocyte ratio in pigs fed cortisol. Can. J.
Anim. Sci. 1989, 69, 501–504. [CrossRef]

43. Davis, A.K.; Maney, D.L.; Maerz, J.C. The use of leukocyte profiles to measure stress in
vertebrates: A review for ecologists. Funct. Ecol. 2008, 22, 760–772. [CrossRef]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.tvjl.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17509918
http://www.ncbi.nlm.nih.gov/pubmed/12772843
http://dx.doi.org/10.4141/cjas89-058
http://dx.doi.org/10.1111/j.1365-2435.2008.01467.x

	1. Introduction
	2. Experimental Section
	2.1. Animals and Treatments
	2.2. Weight Measurements
	2.3. Behavioral Observations
	2.4. Physiological Analyses
	2.5. Statistical Analyses

	3. Results
	3.1. Body Weight and Growth
	3.2. Physiology
	3.2.1. Cortisol
	3.2.2. Neutrophil:lymphocyte Ratio
	3.2.3. C-Reactive Protein
	3.2.4. Tumor Necrosis Factor 

	3.3. Behavior
	3.3.1. Feeding Behavior
	3.3.2. Drinking Behavior
	3.3.3. Social Behavior


	4. Discussion
	5. Conclusions

