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Abstract

In European newborn rabbits, once-daily nursing acts as a strong non-photic entraining cue for the pre-visual
circadian system. Nevertheless, there is a lack of information regarding which of the non-photic cues are capable of
modulating pup circadian system. In this study, for the first time, we determined that the mammary pheromone 2-
methylbut-2-enal (2MB2) presented in the maternal milk acts as a non-photic entraining cue. We evaluated the effect
of once-daily exposure to maternal olfactory cues on the temporal pattern of core body temperature, gross locomotor
activity and metabolic variables (liver weight, serum glucose, triacylglycerides, free fatty acids, cholecystokinin and
cholesterol levels) in newborn rabbits. Rabbit pups were separated from their mothers from postnatal day 1 (P1) to
P8 and were randomly assigned to one of the following conditions: nursed by a lactating doe (NAT); exposed to a 3-
min pulse of maternal milk (M-Milk), mammary pheromone (2MB2), or water (H2O). To eliminate maternal stimulation,
the pups of the last three groups were artificially fed once every 24-h. On P8, the rabbits were sacrificed at different
times of the day. In temperature and activity, the NAT, M-Milk and 2MB2 groups exhibited clear diurnal rhythmicity
with a conspicuous anticipatory rise hours prior to nursing. In contrast, the H2O group exhibited atypical rhythmicity in
both parameters, lacking the anticipatory component. At the metabolic level, all of the groups exhibited a diurnal
pattern with similar phases in liver weight and metabolites examined. The results obtained in this study suggest that
during pre-visual stages of development, the circadian system of newborn rabbits is sensitive to the maternal
olfactory cues contained in milk, indicating that these cues function as non-photic entraining signals mainly for the
central oscillators regulating the expression of temperature and behavior, whereas in metabolic diurnal rhythmicity,
these cues lack an effect, indicating that peripheral oscillators respond to milk administration.
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Introduction

Virtually all organisms exhibit circadian (24-h rhythmic)
fluctuations in numerous biological processes, ranging from the
behavioral to the molecular level. This temporal organization
ensures that vital functions occur in an appropriate sequence
and in accordance with cyclic environmental events [1].

The mammalian circadian timing system is organized in a
hierarchy of multiple oscillators; the central circadian
pacemaker is located in the suprachiasmatic nuclei (SCN) of
the anterior hypothalamus and coordinates extra-SCN
oscillators, such as the olfactory bulb [2–4], retina [5], lateral
habenula [6] and the peripheral oscillators such as the liver,
kidney, pancreas, lung and thyroid gland, among others

(reviewed in [7]). The functional properties of the pacemaker
and oscillators rely to a great extent on a series of feedback
loops that drive the cyclical expression of well-known clock
genes (reviewed in [8]).

Considerable experimental evidence demonstrate that during
early stages of development, the circadian system of altricial
mammals is already functional, and it is possible to entrain it to
external cyclical cues, mainly to those associated with the
mother (reviews in [9,10]). One remarkable example is the
European newborn rabbit (Oryctolagus cuniculus). This species
exhibits 24-h rhythmicity in a range of parameters, at the
behavioral [11–13],, physiological [13–16] and molecular levels
[16–18]. Maternal care is restricted in rabbits because the
mother abandons the nest as soon as she gives birth to the

PLOS ONE | www.plosone.org 1 September 2013 | Volume 8 | Issue 9 | e74048

http://dgapa.unam.mx/html/papiit/papit.html
http://dgapa.unam.mx/html/papiit/papit.html
http://www.conacyt.gob.mx


pups and only visits them once every 24 h and nurses for 3 to 5
min [11,19,20]. Thus, the pups remain alone and isolated from
environmental signals during the rest of the cycle. This
maternal temporal program persists under captivity conditions,
providing a remarkable opportunity for the study of the
development of circadian rhythmicity without disrupting mother-
offspring interaction.

In addition, newborn rabbits anticipate the regular arrival of
the lactating female with an increase in general arousal
[11–13], body temperature [13,15] and plasma corticosterone
levels [21]. This anticipation of nursing persists even if the
rabbits are isolated from the mother, indicating that these
changes are controlled by the circadian system [13,15].
Interestingly, this anticipatory phenomenon during development
has only been reported in rabbits [11–13,15,16,22,23]. It has
been widely described in rodents but only during adult life
(reviewed in [24,25]).

The once-daily nursing is an effective non-photic entraining
signal for the newborn rabbit circadian system because
changes in the nursing schedule produce phase shifts in the
expression of core body temperature rhythm and in the SCN
clock gene expression [16]. During the brief nursing event, pre-
visual rabbits are under the influence of complex sensory cues
that include tactile, thermal, vestibular, gustatory, ingestive and
olfactory information [16]. However, it is currently not clear
which of this non-photic cues is capable of acting and
modulating the pup circadian system or if the system is
sensitive to a combination of these sensory cues.

It is well-known that during pre-visual stages of development,
olfaction plays a prominent role for mother-young interaction in
mammals [26,27]. In rabbits, the volatile chemical cues
originating from the lactating females’ ventrum and milk [27,28]
produces a state of arousal in pups, modulates mother-pup
interactions and functions as a determinant for nipple location,
suckling and orientation to the nest [27–29]. In rabbit milk, a
monomolecular signal, the aldehyde 2-methylbut-2-enal
(2MB2), also known as mammary pheromone [28] has been
identified, which selectively triggers a stereotypical pattern of
head searching and oral grasping nipple search behavior in
newborn rabbits [28,30]. The responsiveness to 2MB2 does not
appear to derive from a prenatal or postnatal learning process,
but it is concentration-dependent [31] and species-specific [28].

In the present study, due to the functional significance of the
2MB2 during the early pre-visual stages of development in
rabbits, as a first approximation, we determined the role of
maternal olfactory cues as non-photic synchronizing signals,
investigating the effect of the daily exposure to the 2MB2 in the
diurnal expression at the behavioral, physiological and
metabolic level in newborn rabbits that were artificially raised.

Methods

Study design and animal in-vivo studies
Ethics Statement.  The experiments were performed

according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Pub. No. 86-23,
revised 1996) and the Treatment of Animals in Research
guidelines of the Instituto de Investigaciones Biomédicas,

Universidad Nacional Autónoma de México (UNAM). The
protocol was reviewed and approved by the Animal Care and
Use Committee of the Instituto de Investigaciones Biomédicas,
UNAM, prior the conduct of the study (Permit Number: 098).

Animals.  The Chinchilla strain of domestic rabbits
(Oryctolagus cuniculus) was used in this study. The animals
were bred and maintained at the Instituto de Investigaciones
Biomédicas, UNAM. Pregnant rabbits were housed in individual
stainless steel cages (120 x 60 x 45 cm) and were maintained
on a 16-h light/8-h dark cycle (the lights turned on at 09:00 h).
The room temperature was maintained at 20 ± 2 °C with a
relative humidity between 40 and 60%; rabbit chow (Conejos
Max Premium Reproductor, Malta Cleyton, México) and water
were available ad libitum.

Four days before the programmed date of parturition, an
artificial burrow was placed in the cage that contained the
pregnant rabbit. The burrow (28 x 29.5 x 30 cm high) was
made of opaque polyvinyl chloride with a 14-cm diameter
entrance. Sterile hay was placed in each maternal cage for
building nests.

The day of parturition was defined as postnatal day (P) 0.
The newborn rabbits were weighed at birth, color-marked on
their ears for individual identification and allowed to remain in
the burrow with the mother for 6 h. One hundred twenty rabbit
pups obtained from 17 litters were used and allocated to one of
four groups: pups that had access to a lactating doe (NAT)
once every 24-h, olfactory stimulated pups with rabbit maternal
milk (M-Milk), olfactory-stimulated pups with the pheromone 2-
methyl-but-2enal (2MB2) and olfactory-stimulated pups with
water (H2O). The last three groups were fed artificially.

To avoid the presence of maternal signals at different
moments of the cycle, the rabbit pups were transferred to the
recording room isolated from the rest of the colony and placed
in cages in groups of four. The cages were made of translucent
polysulfide (48 x 27 x 20 cm), which contained paper towel
strips and corncob bedding (Argo, México). The rabbits were
maintained under constant light conditions (170 lux measured
at the top of the cage using a YK-10LX light meter, Lutron,
Electronic Enterprise Co, Taiwan); room temperature and
relative humidity were maintained at the same ranges
previously mentioned throughout the experiment.

The rabbit milk was obtained from lactation does one day
after parturition, at 09:00 am. For this purpose the female was
immobilized during 5 min and 1.5 ml of maternal milk was
manually obtained. Immediately, 150 μl aliquots were made
and frozen at -20 °C. For olfactory stimulation, the tube
containing the milk was submerged in hot water to 100 °C for 1
min, and the swab was immediately moistened.

Olfactory stimulation procedure.  To avoid odor
contamination, olfactory stimulation was performed in an
additional room and in the following order: first, the H2O group;
next, the M-Milk; and, finally, the 2MB2 pups. From P1 to P8,
the pup’s cage was placed inside a hood, and a disposable
cotton swab (15.2 cm long) was moistened with 150 μl of
distilled water, rabbit maternal milk or 2-Methylbut-2-enal (Tiglic
aldehyde, 96%, Sigma-Aldrich, USA) every 24-h (9: 30 am).
For olfactory stimulation, the tip of the swab was introduced to
the cage approximately 5 cm above the head of the pups for 15
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seconds and was removed by 5 seconds and this was
repeated for a total of 3 min. After the stimulation, the pups
were immediately prepared for feeding, and the hood extraction
was maintained for at least 10 min.

Feeding procedure.  Two feeding strategies were used,
namely, normal maternal nursing and orogastric gavage.

For maternal nursing of the NAT group, the newborn rabbits
were transferred every 24-h (09:35 am) to the colony room and
placed inside the nest box for five min. Immediately after
nursing, the pups were removed and transferred to their cages
in the recording room.

To eliminate olfactory stimulation and all maternal stimuli that
occur during nursing, the pups in the H2O, M-Milk and 2MB2
groups were fed by orogastric gavage to deliver the milk
formula to the stomach. The milk formula was similar to that
previously used by Schley, 1980; Hudson, 1985; Nuesslein-
Hildesheim et al., 1995 [32–34]. Milk was delivered by a
Silastic tube (0.058 in I.D. and 0.077 in O.D., Dow Corning,
USA) coupled to a 20 ml syringe and a 16 G needle. Personnel
who were highly trained in the procedure performed the enteral
nutrition. From postnatal day 1 to 8, after olfactory stimulation,
the pups were gently immobilized with the head and body held
vertically for oral gavage, and the milk was slowly perfused to
the pup’s stomach. The time required in each pup was
approximately 2-4 min, similar to the time that the mother spent
to nurse the pups [11]. Immediately, the pups were returned to
their cages and to the recording room. The rate of milk formula
infusion was increased from approximately 8 ml for 1-day-old
pups to approximately 19 ml for 7-day-old pups (approximately
20% of their body weight) according to their body size and
stomach filling. The percentage of milk ingested was similar to
those previously reported [11,12].

The body weights of all of the animals under study were
obtained before and after the feeding procedure. For this
reason, previous to the feeding, the urogenital area of the pups
were gently rubbed to produce defecation and urination.

Recordings of gross locomotor activity and core body
temperature

The individual rabbits’ locomotor activity and body
temperature were recorded simultaneously using telemetry
according to previously described methods [13]. On P1, the
rabbit pups were anesthetized by the inhalation of Sevoflurane
(Sevorane, Abbot, USA) and were implanted i.p. under aseptic
conditions with a transponder (G2 E-Mitter, VitalView System,
MiniMitter Respironics Inc., USA). After the pups recuperated,
they were transferred to the recording room and placed in their
cages, and telemetry was performed (ER-4000 Energizer
Receiver, MiniMitter Respironics Inc., USA). The data for both
parameters were collected in 5-min bins using a VitalView
telemetry system (Respironics, MiniMitter Inc., USA). The
parameters were recorded from P2 to P7.

Blood and liver sampling and metabolic measures
On postnatal day 8, the pups were sacrificed 1.5 h before the

experimental manipulation, and 0, 1.5, 8 and 16 h after the last
experimental manipulation (6 animals per time point). To obtain
blood and liver samples, the pups were removed from their

cages, weighed, placed on a heating pad and anesthetized by
the inhalation of Sevoflurane. A thoracotomy was performed to
obtain the blood samples. Using a cardiac puncture, a 25 G
needle with 1 to 5 ml syringe was inserted into the right
ventricle, and 3 ml of blood was collected into test tubes coated
with silicone (Kendall, Monojet no. 8881301512). Immediately,
the liver was removed and weighed. The blood samples were
centrifuged at 3000 rpm for 15 min to obtain blood serum.
Aliquots of 1000 μl were coded and frozen at -70°C for
subsequent determination of the concentration of glucose
(GLU), free fatty acids (FFA), tryacylglycerides (TAG),
cholecystokinin (CCK) and cholesterol (CHO). The serum
samples were processed by spectrophotometric methods as
previously described for rabbit pups [14] using commercial
standard enzymatic assay kits (Randox Laboratories LTD, UK
and Biosino Bio-technology & Science Inc.). The methods were
performed as recommended by the manufacturers.

Data analysis
The time series obtained for both parameters, that is, core

body temperature and gross locomotor activity, were divided
into two segments, which were separately analyzed. In the first
segment (P2 to P4), in a previous study conducted by our
group, we found that the 24-h rhythm was not fully consolidated
[13]. In the second segment (P5 to P7), which was considered
the pre-visual stage, we found that the 24-h rhythmicity was
evident [13].

To evaluate the rhythmicity in the rabbits’ core body
temperature and locomotor activity, we used a previously
reported procedure by Trejo-Muñoz et al. 2012 [13].

We defined the anticipation as a sustained growth of
temperature or activity over time, which crosses or is over a
certain threshold. Due to the effect of the developmental
increase in temperature (or decrease in activity), we defined
the threshold as the 24-h data segment mean. To quantify the
anticipatory component, we employed the data corresponding
to the first 5 h of each 24-h segment to determine the positions
at which the increment began and ended (duration) using the
maximum and minimum values as well as the difference
between both extreme values (amplitude). Four cases of
analysis according to the position of the increment relative to
the data mean were presented: (a) it crossed the mean; (b) it
was under the mean; (c) it was above the mean; and (d) it was
not presented. As mentioned above, only cases (a) and (c)
were considered anticipation.

In addition, the mean and standard error were calculated for
the daily locomotor activity, core body temperature, phases,
and the duration and intensity of the anticipatory component.
The differences that were associated with the olfactory
treatment (Group) or postnatal day (Age) were tested using
two-way ANOVAs for repeated measures followed by the
Scheffe post hoc test (significance level 5%).

For the liver weight and metabolic parameters, the data of
the four groups under study were separately analyzed using
one-way ANOVA for independent measures to determine the
potential differences associated with time followed by a
COSINOR analysis to evaluate the 24-h rhythmicity, similar to
previous studies [16–18]. In addition, the values of the four
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groups were compared using two-way ANOVAs for the factors
of Group and Time followed by the Scheffe post hoc test
(significance level 5%).

Results

Body weight
The 2-way ANOVA revealed a significant effect of age and

among groups on the body weight of the newborn rabbits of the
groups under study (Group: F3, 1181 = 41.9; p = < 0.0001; Age:
F8, 1181 = 150.6; p = < 0.0001; Interaction: F324, 1181 = 10.2; p = <
0.0001). The initial body weight of the NAT group was 52.6 ± 8
g at P0, reaching a weight of 116.2 ± 21.9 g at the end of the
experiment. In contrast, the pups that were fed artificially and
olfactory stimulated with M-Milk, 2MB2 and H2O groups
exhibited an initial weight of 54.1 ± 8.5, 55.5 ± 9 and 53.9 ±
11.2 g, respectively, at P0. At P8, the animals reached a weight
of 82.9 ± 12.4, 83.5 ± 14.5 and 80.9 ± 17.6 g, respectively. At
the beginning of the experiment, all of the animals exhibited
similar body weights. However, at the end of the experiment, a
significant lack of gain in the body weight of the newborn
rabbits fed by enteral nutrition by approximately 28-30% in
relationship to the pups normally nursed was evident.

Core body temperature
A 2-way ANOVA revealed significant effects associated with

the experimental manipulation and age in the average
temperature of newborn rabbits (Group: F3,164 = 12.9; p = <
0.0001; Age: F5,164= 7.3; p = < 0.001; Interaction: F15,164= 0.3; p
= NS). The average daily core body temperature of the rabbit
pups exhibited a significant increase consistent with age
(Figure 1, top panel). The mean temperature of the NAT pups
on P2 was 37.7 ± 0.1 °C, which increased gradually to reach
38.2 ± 0.1 °C on P7. Similarly, the newborn rabbits that were
exposed to the maternal olfactory cues, the pups of the M-Milk
and 2MB2 groups, exhibited an initial core temperature 37.8 ±
0.08 °C and 37.4 ± 0.1 °C, respectively. At the end of the
experiment on P7, the temperature was 37.9 ± 0.09 °C and
37.8 ± 0.1 °C, respectively. In contrast, the pups of the H2O
group showed an initial core temperature of 37.1 ± 0.2 °C,
reaching a final temperature of 37.6 ± 0.3 °C on P7. The pups
of the H2O group showed a significant decrease of 0.6 °C in the
daily average of the core body temperature compared to the
NAT group but also in relationship to the other enteral feeding
groups that received the olfactory stimulation (Figure 1, top
panel).

With respect to the temporal pattern of the core body
temperature, the NAT rabbits exhibited a characteristic diurnal
rhythm (Figure 2), in which its core body temperature started to
rise above the 24-h mean hours before the scheduled time of
access to the lactating doe for nursing, and following this
episode, their average body temperature dropped almost
immediately below the 24-h mean and remained at this low
level for approximately 5 h. The M-Milk and 2MB2 groups
exhibited close similarities of the temporal profile of the core
temperature to the one observed in the NAT group.
Specifically, these pups exhibited a rise above the 24-h mean h
before the scheduled time of maternal odor exposition followed

by a marked drop in temperature for approximately 3 to 5 h
(Figure 2). All the newborn rabbits of the H2O group exhibited
an atypical temporal pattern of core body temperature, which
considerably differed from the rest of the groups examined.
Five pups of the H2O group exhibited temperatures below the
24-h temperature mean approximately 5 h before the
scheduled time of olfactory H2O exposition. Even during the
experimental manipulation, the core body temperature
remained below the 24-h mean. The remaining animals (n=3),
showed a modest increase to the 24-h mean temperature
minutes prior to the olfactory stimulation with H2O. After the
manipulation, all of the animals exhibited a marked drop in
temperature for approximately 1 to 3 h (Figure 2).

Significant changes associated with olfactory stimulation
were observed in the duration of the pups’ anticipation of
nursing (F3,26 = 7.1; p<0.001). On P7, the NAT pups exhibited
an anticipatory rise in temperature of 168 ± 24 min, similar to
the M-Milk pups, which showed an anticipatory component of
108 ± 30 min (Figure 3, panel A). The pups that were
stimulated with the mammary pheromone 2MB2 and those
stimulated with H2O showed a significant decrease in the
anticipatory rise in temperature of 72 ± 18 min and 24 ± 12 min,
respectively, compared to the NAT group. The decrease in the
duration of the anticipatory component was more conspicuous
in the H2O rabbit pups (Figure 3, panel A). Similarly, significant
changes associated with olfactory stimulation were detected for
the intensity of the anticipatory rise in core body temperature
(F3,26 = 3.3; p<0.03). On P7, similar temperature increases
were observed during the anticipatory rise in the NAT, M-Milk
and 2MB2 groups, which were 0.31 ± 0.03 °C, 0.27 ± 0.07 °C
and 0.2 ± 0.06 °C, respectively, in relationship to the average
temperature (Figure 3, panel B). In contrast, the H2O rabbit
pups exhibited a significant decrease in the magnitude of the
anticipatory rise 0.08 ± 0.03 °C compared to the NAT rabbit
pups (Figure 3, panel B).

Locomotor activity
A 2-way ANOVA revealed significant effects associated with

the experimental manipulation and age in the daily average of
gross locomotor activity of newborn rabbits (Group: F3,164 = 4.8;
p = < 0.003; Age: F5,164= 19.9; p < 0.0001; Interaction: F15,164=
0.6; p = NS), which exhibited a significant decrease that was
consistent with age (Figure 1, bottom panel). The mean activity
of the NAT pups on P2 was 84.4 ± 7.1 movements, which
decreased gradually to 52.8 ± 4.0 movements on P7. Likewise,
the newborn rabbits that were exposed to the maternal
olfactory cues, the pups of the M-Milk and 2MB2 groups,
exhibited an initial activity of 76.9 ± 6.2 and 81.1 ± 5.2
movements, respectively. At the end of the experiment on P7,
the average activity was 51.1 ± 1.7 and 52.6 ± 3.3 movements,
respectively. In contrast, the pups of the H2O group showed an
initial locomotor activity of 73.5 ± 5.2 movements, which
decreased on P7 to 61.5 ± 8.1 movements (Figure 1, bottom
panel).

The NAT pups exhibited a characteristic diurnal rhythm in
which the gross locomotor activity started to rise above the 24-
h mean hours before the scheduled time of access to a
lactating doe, and following this episode, the activity decreased
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gradually below the 24-h mean, and remained at this low level
for approximately 6-8 h (Figure 4). The M-Milk and 2MB2 pups
exhibited close similarities in the activity temporal profile to the
one observed in the NAT group with a rise in activity above the
24-h mean hours before the scheduled time of maternal odor
exposition followed by a marked decrease in activity for
approximately 6-8 h (Figure 4). Interestingly, all of the pups of
the H2O group exhibited an atypical temporal pattern of gross
locomotor activity that differed considerably from what was
observed in other groups under study. In some cases, the H2O
pups exhibited bimodal patterns in their locomotor activity. In
addition, five of the eight pups of this group presented an
activity level below the 24-h mean approximately 5 h before the
scheduled time of olfactory H2O stimulation. After the
experimental manipulation, six animals showed a significant
increase above the 24-h mean in activity for approximately 7 to
10 h, and two animals exhibited a marked decrease in activity
after the olfactory H2O exposition for approximately 7 h (Figure
4). In addition, a remarkable increase in the variation in the

mean diurnal pattern of locomotor activity among the H2O pups
was observed (Figure 4).

At the behavioral level, no significant effects were observed
in the duration of the anticipation to nursing (F3,26 = 0.3; p= NS)
in the groups examined (Figure 3, panel C). On P7, the NAT
pups showed an anticipatory increase in locomotor activity for
114 ± 18 min. A similar tendency was observed in the M-Milk,
2MB2 and H2O pups, in which the anticipatory component
lasted for 108 ± 18 min, 96 ± 6 min and 90 ± 18 min,
respectively (Figure 3, panel C). In contrast, significant
changes were detected regarding the intensity of the
anticipatory increase in the locomotor activity of rabbit pups
(F3,26 = 4.2; p<0.01). On P7, the anticipatory activity increase
(in relation to the average activity) in the NAT, M-Milk and
2MB2 groups, were 17.9 ± 2.1, 13.4 ± 3.3 and 10.2 ± 2.5
movements, respectively (Figure 3, panel D). Importantly, the
H2O rabbit pups exhibited a significant decrease in the
magnitude of the anticipatory rise at 5.2 ± 1.8 movements
compared to the NAT rabbit pups (Figure 3, panel D).

Figure 1.  Daily average of core body temperature and gross locomotor activity.  The daily core body temperature (top panel)
and gross locomotor activity (bottom panel) of newborn rabbits that were maintained under constant light and received one of the
following treatments: once every 24-h had access to a lactating doe (NAT), or fed artificially and were olfactory stimulated with either
rabbit maternal milk (M-Milk), pheromone 2-methyl-but-2enal (2MB2) or with water (H2O) from postnatal day 2-7. Mean ± SEM. For
body temperature: NAT, r2 = 0.79; M-Milk, r2 = 0.32; 2MB2, r2 = 0.69; H2O, r2 = 0.63. For locomotor activity: NAT, r2 = 0.99; M-Milk, r2

= 0.97; 2MB2, r2 = 0.94; H2O, r2 = 0.56.
doi: 10.1371/journal.pone.0074048.g001
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Liver weight and metabolic parameters
The one-way ANOVA and COSINOR analysis (Tables 1 and

2, respectively) revealed that the liver exhibited significant
diurnal weight fluctuations in all groups of rabbit pups
examined with an exception of the M-Milk group, which only
showed a tendency of 79.7% for rhythmicity (Figure 5). All of
the groups examined exhibited close similarities in the 24-h
temporal pattern in liver weight, with the minimum values
occurring 2 h before the experimental manipulation, increasing
gradually and reaching the maximum levels at 8-12 h after the
experimental manipulation (Table 2; Figure 5).

Significant rhythmical oscillations in the levels of serum GLU
were observed in the M-Milk and H2O groups, in contrast the
NAT and 2MB2 pups, which only exhibited a tendency of 24-h
rhythmicity (Tables 1 and 2; Figure 5). All of the groups
exhibited close similarities in the GLU temporal pattern, with
the minimum values being observed 2 h before the
experimental manipulation, increasing gradually and reaching

the maximum levels 8-9 h after the experimental manipulation
(Table 2; Figure 5).

Levels of serum FFA exhibited significant rhythmical
oscillations only in the 2MB2 group, in contrast the NAT, M-Milk
and H2O groups, which only showed a tendency of 24-h
rhythmicity (Tables 1 and 2; Figure 5). All of the groups
exhibited close similarities in the FFA temporal pattern, where
the serum levels increased gradually, reaching the maximum
1-7 h after the experimental manipulation, and the minimum
levels were observed 14-20 h after experimental manipulation
(Table 2; Figure 5).

Levels of serum TAG exhibited significant diurnal fluctuations
in the NAT group, in contrast the 2MB2, M-Milk and H2O
groups, which exhibited a tendency toward 24-h rhythmicity
(Tables 1 and 2; Figure 5). In the NAT group, the minimum
values of the TAG levels occurred 2 h after doe presentation
for nursing, and after that time, the levels gradually increased,
reaching the maximum 17 h after nursing (Table 2; Figure 5). In

Figure 2.  Diurnal rhythm of core body temperature.  Representative temporal profiles of the core body temperature as
measured using biotelemetry of the newborn rabbits on postnatal day 7, which were maintained under constant light conditions and
received the following treatment: pups that once every 24-h (indicated by the vertical gray bar) had access to a lactating doe (NAT),
or olfactory stimulated with rabbit maternal milk (M-Milk) or with the pheromone 2-methyl-but-2enal (2MB2) or with water (H2O). At
the bottom, the mean diurnal pattern of body temperature and standard error (SEM) of each experimental condition from postnatal
days 5 to 7 for all pups (eight animals per group) examined.
doi: 10.1371/journal.pone.0074048.g002
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contrast, in the groups of animals that were artificially fed, the
temporal pattern of TAG levels were in antiphase, compared to
the NAT group. In the M-Milk, 2MB2 and H2O groups, the
minimum values of the TAG levels occurred 2 h before odor
exposure, after which, the levels gradually increased, reaching
the maximum 3-8 h after experimental manipulation (Table 2;
Figure 5).

For the CCK levels, only the M-Milk group exhibited
significant diurnal fluctuations (Tables 1 and 2; Figure 5). In the
NAT group, the maximum levels of CCK occurred 3 h after doe
presentation for nursing, after which the levels gradually
decreased reaching the minimum 16 h after doe presentation

for nursing (Table 2; Figure 5). In contrast, in the M-Milk, 2MB2
and H2O groups, the maximal levels of CCK occurred
approximately 1 h before odor exposure, and the minimum
levels occurred 10-12 h after experimental manipulation (Table
2; Figure 5). The mean levels of serum CCK were similar in all
of the groups examined (Table 3; Figure 5).

CHO levels exhibited significant diurnal fluctuations in the
NAT and H2O groups (Tables 1 and 2; Figure 5). In both
groups, the minimum values of the CHO levels occurred 0-2 h
after the experimental manipulation; these levels gradually
increased, reaching the maximum 14-17 h after the
manipulation (Table 2; Figure 5). In contrast, in the groups of

Figure 3.  Duration and magnitude of the anticipatory component, in body temperature and locomotor activity.  Graphics of
the duration of the anticipation in core body temperature (A) and gross locomotor activity (C) of the newborn rabbits on postnatal
day 7. Pups were maintained under constant light and received one of the following treatments: once every 24-h had access to a
lactating doe (NAT), or olfactory stimulated with rabbit maternal milk (M-Milk), or with the pheromone 2-methyl-but-2enal (2MB2) or
with water (H2O). Graphics of the intensity of the anticipatory increase in relationship to the daily mean core temperature (B) and
locomotor activity (D) for each group examined. Mean ± SEM. Scheffe * p<0.01 vs. NAT.
doi: 10.1371/journal.pone.0074048.g003
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animals that were exposed to maternal olfactory cues, that is,
the M-Milk and 2MB2 groups, the minimum values of the CHO
levels occurred 2 h before the odor exposure, and the levels
gradually increased, reaching the maximum 10-11 h after odor
exposure (Table 2; Figure 5).

A significant reduction in the mean liver weight, and serum
levels of GLU, FFA, TAG and CHO were observed in the pups
that were fed artificially (M-Milk, 2MB2 and H2O groups)
compared to the NAT group, in which the pups were nursed by
a lactating doe (Table 3; Figure 5).

Discussion

This study presents the first evidence that maternal olfactory
cues modulate the circadian system in a mammal during early
stages of development, particularly in the expression of the 24-

Table 1. The values obtained in the one-way ANOVA for
differences associated with time for pups that had access to
a lactating doe (NAT) once every 24-h or olfactory
stimulated with rabbit maternal milk (M-Milk), with the
pheromone 2-methyl-but-2enal (2MB2) or water (H2O).

 NAT M-Milk 2MB2

 F(4,28) p < F(4,28) p < F(4,28) p <

Liver 5.1 0.003 1.4 NS 4.4 0.006

Glucose 0.7 NS 4.4 0.006 2.6 NS

Free fatty acids 0.6 NS 0.8 NS 3.4 0.02

Triglycerides 3.6 0.02 0.2 NS 0.3 NS

Cholecystokinin 2.4 NS 4.7 0.006 2.6 NS

Cholesterol 3.8 0.01 2.1 NS 0.8 NS

The groups were analyzed separately. NS indicates not significant.

Figure 4.  Diurnal rhythm of gross locomotor activity.  Representative temporal profiles of gross locomotor activity as measured
using biotelemetry of newborn rabbits on postnatal day 7, maintained under constant light conditions and receiving the following
treatment: pups that once every 24-h (indicated by the vertical grey bar) had access to a lactating doe (NAT), or olfactory stimulated
with rabbit maternal milk (M-Milk) or with the pheromone 2-methyl-but-2enal (2MB2) or with water (H2O). At the bottom, the mean
diurnal pattern of body temperature and standard error (SEM), of each experimental condition from postnatal days 5 to 7 for all of
the pups (eight animals per group) examined.
doi: 10.1371/journal.pone.0074048.g004
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h pattern of core body temperature and gross locomotor
activity.

Similar to previous reports, rabbit pups nursed every 24-h
exhibited diurnal rhythm in core temperature and locomotor
activity with a clear anticipatory component [11–13,15,35].
Newborn rabbits that were expose every 24-h to maternal
olfactory cues (maternal milk or 2-Methylbut-2-enal) exhibited a
characteristic diurnal pattern in both parameters with a clear
and stable phase relationship between the time of maternal
olfactory cue presentation and the maximal temperature and
activity. Importantly, all of the animals of these groups exhibited
an anticipatory rise in temperature and activity prior to the time
of olfactory stimulation, and the duration and magnitude of the
anticipatory component was similar to that observed in the
newborn rabbits that were nursed every 24-h. In contrast, the
group of rabbit pups that did not receive any maternal olfactory
cues, exhibited an atypical temporal pattern in both
parameters, occasionally exhibiting bimodal patterns, with a

Table 2. The values obtained in the COSINOR analysis
(mesor, acrophase in hours, percent of rhythmicity and
probability) for the 24-h rhythmicity of the pups that had
access to a lactating doe (NAT) once every 24 h or were
olfactory stimulated with rabbit maternal milk (M-Milk),
pheromone 2-methyl-but-2enal (2MB2) or water (H2O).

 NAT

 Mesor Acrophase % p <

Liver 4.5 11.6 88.1 0.0008

Glucose 17.8 8.1 96.3 0.0002

Free fatty acids 1.7 1.8 82.9 0.002

Triglycerides 6.2 17.6 90.5 0.0004

Cholecystokinin 804.9 3.6 76.9 0.006

Cholesterol 8.6 17.6 70.1 0.01

 M-Milk

Liver 2.6 8.5 79.7 0.0004

Glucose 12.3 9.4 99.7 0.00001

Free fatty acids 1.3 7.1 43.1 NS

Triglycerides 2.1 2.5 61.2 0.02

Cholecystokinin 780.7 -0.7 92.9 0.0001

Cholesterol 3.5 10.3 91.3 0.0003

 2MB2

Liver 2.7 8.5 96.5 0.0002

Glucose 11.7 8 97.6 0.00001

Free fatty acids 1.1 1.6 57.2 0.03

Triglycerides 2.3 8.4 76.7 0.006

Cholecystokinin 713.3 -0.7 82.6 0.002

Cholesterol 3.2 11.9 99.7 0.00001

 H2O

Liver 2.6 8.8 98.6 0.00001

Glucose 11.2 9.1 98.4 0.00002

Free fatty acids 1.2 6 49.4 NS

Triglycerides 2.5 8.3 94.9 0.00006

Cholecystokinin 835.9 -1.4 76.1 0.006

Cholesterol 3.2 14.7 89.8 0.0005

The groups were analyzed separately. NS indicates not significant.

lack of an anticipatory component and poor phase control.
These data highlighted the relevance of the maternal olfactory
cues as non-photic entraining signals for the circadian system
involved in the control of rhythmicity at physiological and
behavioral levels in newborn rabbits. However, these olfactory
signals lacked an effect in metabolic diurnal rhythmicity.

There is no doubt of the biological relevance that the
olfactory system has in mammals during early stages of
development, particularly in altricial mammals, such as
lagomorphs and rodents. This species born with immature
central nervous systems, without a functional visual and
auditory system and with limited motor abilities [11,13,26,36].
In fact, it has been suggested that the olfactory system in
rabbits is functional from the last days of intra-uterine life [33].
One key component for the mother-young interaction is the 2-
methylbut-2-enal, this volatile molecule has functional
relevance for rabbit survival. In the current study, 2MB2 and
maternal milk presentations triggered the typical suckling-
related behavior in 7-day-old Chinchilla rabbits in the same
manner as previously described in New Zealand rabbits [28],
which intensively respond to the 2MB2 from birth to postnatal
day 10 [37–39]. Importantly, these responses were triggered
selectively in rabbits by the mammary pheromone and not by
any novel odorant [40], [Trejo-Muñoz unpublished data]. It has
been demonstrated in newborns that a disruption of olfactory
inputs, olfactory bulb extirpation or elimination of functional
main olfactory epithelium receptors Cnga2, eliminates the
ability of the pups to locate, attach to the mother’s nipples and
suck, thereby impeding milk intake. Thus, after a couple of
cycles, this disruption can cause starvation and the decease of
the pups [27,29,41–44]. Experimental evidence indicates the
participation of the MOB for mammary pheromone processing
because the presentation of 2MB2 induced changes in 2-
deoxyglucose uptake and c-Fos induction in this structure
[45,46]. In addition, the destruction of the vomeranasal organ
did not impair nipple localization in rabbit pups [29], excluding
the participation of the accessory system in the detection of the
mammary pheromone.

Evidence in the literature supports the idea that olfactory
stimuli, such as pheromones and the blend of odors, act as
entraining signals for the circadian system of mammals. In
adult rodents, these signals affected the expression of daily
patterns of body temperature and wheel-running activity
[47,48]. Olfactory cues can also modulate the photic and non-
photic entrainment of activity in adult rats [49,50]. Recently, it
has been reported that adult rodents exhibit circadian
rhythmicity in olfactory sensitivity [51,52], which persists even
when the SCN is eliminated. Nevertheless, this rhythmicity is
dependent on the canonical clockwork because the fluctuations
in olfactory sensitivity are lost in mice deficient for Bmal1 or
both Per1 and Per2 genes [51].

In a series of elegant experiments, it has been demonstrated
that the main olfactory bulb (MOB) functions as an independent
pacemaker in adult rodents [2–4]. The MOB contains cells that
exhibit autonomous rhythmicity in their molecular profile and
firing rate in vitro and also display time-regulated responses to
odorants [3,4,51]. In addition, the MOB can modulate circadian
rhythmicity, because their removal in rodents and primates
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altered the period of free-running rhythms in temperature and
locomotor activity, delayed the onset of activity phase and
affected the re-entrainment rates to light-dark cycles [53–56].

In newborn rabbits, it was found that the clock genes Per1,
Bmal1 and Cry1 are expressed abundantly in the MOB and
exhibit a consolidated rhythmicity as early as postnatal day 7
[18]. At this time, the molecular clockwork in the SCN is not
fully mature [16], indicating that during pre-visual stages of
development, the circadian rhythmicity is under the control of
extra-SCN, such as the MOB [18]. In a recent study, we
determined that 2MB2 modulated the expression of clock
proteins in the MOB and in the SCN of rabbit pups, and this
effect was time dependent [Trejo-Muñoz et al., unpublished
data]; indicating that olfactory maternal cues act directly on the
circadian pacemaker contained in the MOB.

The hypothermia observed in newborn rabbits of the H2O
group was predominantly associated with the lack of maternal
olfactory cues. Experimental evidence suggests that odors are
capable to modulate the autonomic nervous system (ANS), in
adult rodents the olfactory stimulation with grapefruit and
lavender induced changes in the heart rate and body
temperature [52,57], and in human infants maternal olfactory
stimuli, such as areolar secretions from the Montgomery’s
glands, modulate the respiratory pattern and heart rate [58].
Thus, is possible that the absence of maternal olfactory cues
during the early stages of development could alter the

thermoregulatory ability of newborn rabbits by modifying the
activation of the ANS.

It was evident that maternal olfactory cues have significant
effects in the temporal pattern of locomotor activity of newborn
rabbits, and animals that did not receive the maternal olfactory
cues showed atypical 24-h organization. These observations
differed from a previous report in New Zealand rabbits that

Table 3. The values obtained in the two-way ANOVA for
differences associated with time and experimental
manipulation, in pups that had access to a lactating doe
(NAT) once every 24 h or were olfactory stimulated with
rabbit maternal milk (M-Milk), the pheromone 2-methyl-
but-2enal (2MB2) or water (H2O).

 Group Time G x T

 F(3,109) p < F(4,109) p < F(12,109) p <

Liver 57.7 0.0001 12.5 0.0001 2 0.02

Glucose 10.3 0.0001 9.4 0.0001 0.3 NS

Free fatty acids 4.6 0.005 2.7 0.03 0.8 NS

Triglycerides 61.1 0.0001 0.3 NS 3.3 0.006

Cholecystokinin 0.8 NS 6.8 0.0001 1.1 NS

Cholesterol 168.9 0.0001 3.7 0.007 3.1 0.001

The groups were analyzed separately. NS indicates not significant.

Figure 5.  Metabolites temporal pattern.  Temporal profile of: liver weight (Liver) and serum levels of glucose (GLU), free fatty
acids (FFA), tryacylglycerides (TAG), cholecystokinin (CCK) and cholesterol (CHO) of newborn rabbits on postnatal day 8, that were
maintained under constant light, and received one of the following treatments: had access to a lactating doe (NAT) once every 24-h
(indicated by the vertical gray bar) or olfactory stimulated with rabbit maternal milk (M-Milk), with the pheromone 2-methyl-but-2enal
(2MB2) or with water (H2O). Mean ± SEM, and the lines showed the fitted Cosinor function (see text for details). Mesor is indicated
by the horizontal dotted line.
doi: 10.1371/journal.pone.0074048.g005
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suggested that milk administration was sufficient to
synchronize the activity pattern [59]. These differences could
also be due to the recording methods. In the current study, we
used biotelemetry that automatically recorded the individual
pups continuously for 24-h, whereas Morgado et al. 2011 [59]
performed activity recordings of all the pups in the litter that
underwent a gastrostomy by means of a balance and only
recorded the weight of the animals at 120, 90, 60, 30 and 15
min before and 15, 30 and 60 min after feeding time.

In relation to the evaluated parameters associated with
energy metabolism, the current data showed close similarities
to previous reports by Escobar et al. 2000 [14]. These
researchers found that glucose and free fatty acids did not
exhibit diurnal fluctuations in 7-day-old rabbits that were nursed
once every 24-h. Moreover, these authors only described a
diurnal pattern in the serum triacylglycerides, where the levels
of this metabolite decreased after the time of nursing, and
gradually increased until reach its maximum 12-h later. The
pups of the NAT group showed a similar tendency, in which the
GLU, FFA, CCK and LW did not exhibit 24-h fluctuations, and
only TAG exhibited significant rhythmicity, in which the serum
levels decreased after nursing, and gradually increased,
reaching its maximum 14-h later.

At the metabolic level, maternal olfactory cues appeared to
have no effect because the temporal patterns of serum
glucose, free fatty acids, triacylglycerides, cholecystokinin and
liver weight exhibited close similarities between the groups
examined, which suggested that at the peripheral level, the
synchronizing cue potentially involves food (milk). This has
been widely demonstrated in adult rodents, where the food
functions as a potent entraining signal that modifies the
temporal organization of the metabolic, behavioral and other
circadian parameters [25,60]. In newborn rabbits, it has been
suggested that milk administration demonstrates important
effects at the metabolic level [14,59], and it is possible that this

cue has an effect on peripheral oscillators. Furthermore, these
pups may adjust their performance to milk availability or the
influence of other maternal cues may be present during
nursing. It is important to highlight that the pheromone 2MB2 is
present in maternal milk [28], and this molecule could
potentially participate as an external entraining signal for
peripheral oscillators. Thus, it would be relevant to determine
the effect of milk formula supplemented with the 2MB2.

Conclusions

During pre-visual stages of development, the circadian
system of newborn rabbits is sensitive to daily exposure to the
maternal olfactory cues contained in milk, particularly to
pheromone 2-methylbut-2-enal. The mammary pheromone
functions as non-photic entraining signal primarily for the
central oscillators that regulate the expression of temperature
and behavior. However this effect is partial, since at peripheral
level, these cues lack of effect. It is possible that the nursing
event is a complex synchronizing cue, which involves other
maternal signals such as tactile, thermal and metabolic, which
could act at different levels of the circadian system.

Acknowledgements

We thank Arlette Castillo, Georgina Díaz Herrera and Rodrigo
Jiménez for their excellent technical assistance.

Author Contributions

Conceived and designed the experiments: IC RMC. Performed
the experiments: IC RMC LTM OHC EN. Analyzed the data:
RMC IC. Contributed reagents/materials/analysis tools: IC
RMC. Wrote the manuscript: IC RMC LTM EN OHC.

References

1. Pittendrigh C (1981) Circadian systems: general perspective. In: J
Aschoff. Handbook of behavioral neurobiology: biological rhythms, vol.
4. New York: Plenum Press. pp. 57-80.

2. Granados-Fuentes D, Saxena MT, Prolo LM, Aton SJ, Herzog ED
(2004) Olfactory bulb neurons express functional, entrainable circadian
rhythms. Eur J Neurosci 19: 898-906. doi:10.1111/j.0953-816X.
2004.03117.x. PubMed: 15009137.

3. Granados-Fuentes D, Prolo LM, Abraham U, Herzog ED (2004) The
suprachiasmatic nucleus entrains, but does not sustain, circadian
rhythmicity in the olfactory bulb. J Neurosci 24: 615-619. doi:10.1523/
JNEUROSCI.4002-03.2004. PubMed: 14736846.

4. Granados-Fuentes D, Tseng A, Herzog ED (2006) A circadian clock in
the olfactory bulb controls olfactory responsivity. J Neurosci 26:
12219-12225. doi:10.1523/JNEUROSCI.3445-06.2006. PubMed:
17122046.

5. Tosini G, Davidson AJ, Fukuhara C, Kasamatsu M, Castanon-
Cervantes O (2007) Localization of a circadian clock in mammalian
photoreceptors. FASEB J 21: 3866-3871. doi:10.1096/fj.07-8371com.
PubMed: 17621597.

6. Zhao H, Rusak B (2005) Circadian firing-rate rhythms and light
responses of rat habenular nucleus neurons in vivo and in vitro.
Neurosci 132: 519-528. doi:10.1016/j.neuroscience.2005.01.012.
PubMed: 15802202.

7. Dibner C, Schibler U, Albrecht U (2010) The mammalian circadian
timing system: organization and coordination of central and peripheral
clocks. Annu Rev Physiol 72: 517-549. doi:10.1146/annurev-
physiol-021909-135821. PubMed: 20148687.

8. Mohawk JA, Green CB, Takahashi JS (2012) Central and peripheral
circadian clocks in mammals. Annu Rev Neurosci 35: 445-462. doi:
10.1146/annurev-neuro-060909-153128. PubMed: 22483041.

9. Reppert S (1989) Development of circadian rhythmicity and
photoperiodism in mammals. In: S Reppert. Research in prenatal
medicine, vol. IX. Boston: Perinatology Press. pp. 25-44.

10. Caldelas I, Chimal-Monroy J, Martínez-Gómez M, Hudson R (2005)
Non-photic circadian entrainment in mammals: a brief review and
proposal for study during development. Biol Rhythm Res 36: 23-37. doi:
10.1080/09291010400028500.

11. Hudson R, Distel H (1982) The pattern of behaviour of rabbit pups in
the nest. Behaviour 79: 255-271. doi:10.1163/156853982X00292.

12. Jilge B (1993) The ontogeny of circadian rhythms in the rabbit. J Biol
Rhythms 8: 247-260. doi:10.1177/074873049300800307. PubMed:
8280913.

13. Trejo-Muñoz L, Navarrete E, Montúfar-Chaveznava R, Caldelas I
(2012) Determining the period, phase and anticipatory component of
activity and temperature patterns in newborn rabbits that were
maintained under a daily nursing schedule and fasting conditions.
Physiol Behav 106: 587-596. doi:10.1016/j.physbeh.2012.04.005.
PubMed: 22521911.

14. Escobar C, Hudson R, Martínez-Gómez M, Aguilar-Roblero R (2000)
Metabolic correlates of the circadian pattern of suckling-associated
arousal in young rabbits. J Comp Physiol A 186: 33-38. doi:10.1007/
s003590050004. PubMed: 10659040.

15. Jilge B, Kuhnt B, Landerer W, Rest S (2000) Circadian
thermoregulation in suckling rabbit pups. J Biol Rhythms 15: 329-335.
doi:10.1177/074873000129001431. PubMed: 10942264.

Olfactory Synchronization in Newborn Rabbits

PLOS ONE | www.plosone.org 11 September 2013 | Volume 8 | Issue 9 | e74048

http://dx.doi.org/10.1111/j.0953-816X.2004.03117.x
http://dx.doi.org/10.1111/j.0953-816X.2004.03117.x
http://www.ncbi.nlm.nih.gov/pubmed/15009137
http://dx.doi.org/10.1523/JNEUROSCI.4002-03.2004
http://dx.doi.org/10.1523/JNEUROSCI.4002-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/14736846
http://dx.doi.org/10.1523/JNEUROSCI.3445-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17122046
http://dx.doi.org/10.1096/fj.07-8371com
http://www.ncbi.nlm.nih.gov/pubmed/17621597
http://dx.doi.org/10.1016/j.neuroscience.2005.01.012
http://www.ncbi.nlm.nih.gov/pubmed/15802202
http://dx.doi.org/10.1146/annurev-physiol-021909-135821
http://dx.doi.org/10.1146/annurev-physiol-021909-135821
http://www.ncbi.nlm.nih.gov/pubmed/20148687
http://dx.doi.org/10.1146/annurev-neuro-060909-153128
http://www.ncbi.nlm.nih.gov/pubmed/22483041
http://dx.doi.org/10.1080/09291010400028500
http://dx.doi.org/10.1163/156853982X00292
http://dx.doi.org/10.1177/074873049300800307
http://www.ncbi.nlm.nih.gov/pubmed/8280913
http://dx.doi.org/10.1016/j.physbeh.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22521911
http://dx.doi.org/10.1007/s003590050004
http://dx.doi.org/10.1007/s003590050004
http://www.ncbi.nlm.nih.gov/pubmed/10659040
http://dx.doi.org/10.1177/074873000129001431
http://www.ncbi.nlm.nih.gov/pubmed/10942264


16. Caldelas I, González-Ulloa B, Montúfar-Chaveznava R, Hudson R
(2009) Endogenous clock gene expression in the suprachiasmatic
nuclei of pre-visual newborn rabbits is entrained by nursing. Dev
Neurobiol 69: 47-59. doi:10.1002/dneu.20687. PubMed: 19023860.

17. Caldelas I, Tejadilla D, González B, Montúfar R, Hudson R (2007)
Diurnal pattern of clock gene expression in the hypothalamus of the
newborn rabbit. Neurosci 144: 395-401. doi:10.1016/j.neuroscience.
2006.09.020. PubMed: 17055660.

18. Montúfar-Chaveznava R, Hernández-Campos O, Hudson R, Caldelas I
(2012) Differential maturation of the molecular clockwork in the
olfactory bulb and suprachiasmatic nucleus of the rabbit. Neuroscience
207: 198-207. doi:10.1016/j.neuroscience.2012.01.025. PubMed:
22305885.

19. Deutsch JA (1957) Nest building behaviour of domestic rabbits under
semi-natural conditions. Br J Anim Behav 5: 53-54. doi:10.1016/
S0950-5601(57)80026-4.

20. Zarrow MX, Denenberg VH, Anderson CO (1965) Rabbit: frequency of
suckling in the pup. Science 150: 1835-1836. doi:10.1126/science.
150.3705.1835. PubMed: 5892995.

21. Rovirosa MJ, Levine S, Gordon MK, Caba M (2005) Circadian rhythm
of corticosterone secretion in the neonatal rabbit. Brain Res Dev Brain
Res 158: 92-96. doi:10.1016/j.devbrainres.2005.06.007. PubMed:
16026857.

22. Pongrácz P, Altbäcker V (1999) The effect of early handling is
dependent upon the state of the rabbit (Oryctolagus cuniculus) pups
around nursing. Dev Psychobiol 35: 241-251. doi:10.1002/
(SICI)1098-2302(199911)35:3. PubMed: 10531536.

23. Gilbert C, Blanc S, Giroud S, Trabalon M, Le Maho Y et al. (2007) Role
of huddling on the energetic of growth in a newborn altricial mammal.
Am J Physiol Regul Integr Comp Physiol 293: R867-R876. doi:10.1152/
ajpregu.00081.2007. PubMed: 17459914.

24. Mistlberger RE (2009) Food-anticipatory circadian rhythms: concepts
and methods. Eur J Neurosci 30: 1718-1729. doi:10.1111/j.
1460-9568.2009.06965.x. PubMed: 19878279.

25. Escobar C, Salgado R, Rodriguez K, Blancas Vázquez AS, Angeles-
Castellanos M et al. (2011) Scheduled meals and scheduled palatable
snacks synchronize circadian rhythms: consequences for ingestive
behavior. Physiol Behav 104: 555-561. doi:10.1016/j.physbeh.
2011.05.001. PubMed: 21565213.

26. Rosenblatt JS (1983) Olfaction mediates developmental transition in
the altricial newborn of selected species of mammals. Dev Psychobiol
16: 347-375. doi:10.1002/dev.420160502. PubMed: 6618012.

27. Hudson R, Distel H (1983) Nipple location by newborn rabbits:
Evidence for pheromonal guidance. Behaviour 82: 260-275.

28. Schaal B, Coureaud G, Langlois D, Giniès C, Sémon E et al. (2003)
Chemical and behavioural characterization of the rabbit mammary
pheromone. Nature 424: 68-72. doi:10.1038/nature01739. PubMed:
12840760.

29. Hudson R, Distel H (1986) Pheromonal release of suckling in rabbits
does not depend on the vomeronasal organ. Physiol Behav 37:
123-128. doi:10.1016/0031-9384(86)90394-X. PubMed: 3737709.

30. Coureaud G, Schaal B, Langlois D, Perrier G (2001) Orientation
response of newborn rabbits to odours of lactating females: relative
effectiveness of surface and milk cues. Anim Behav, Jan 61: 153-162.
doi:10.1006/anbe.2000.1563. PubMed: 11170705.

31. Coureaud G, Langlois D, Sicard G, Schaal B (2004) Newborn rabbit
responsiveness to the mammary pheromone is concentration-
dependent. Chem Sens 29: 341-350. doi:10.1093/chemse/bjh037.
PubMed: 15150147.

32. Schley P (1980) Die mutterlose aufzucht von kaninchen. Das Blaue
Kaninchen-Jahrbuch Deutscher Kleintierzüchter, Reuttingen.

33. Hudson R (1985) Do newborn rabbits learn the odor stimuli releasing
nipple-search behavior? Dev Psychobiol 18: 575-585. doi:10.1002/dev.
420180612. PubMed: 4092843.

34. Nuesslein-Hildesheim B, Imai-Matsumura K, Döring H, Schmidt I
(1995) Pronounced juvenile circadian core temperature rhythms exist in
several strains of rats but not in rabbits. J Comp Physiol B 165: 13-17.
doi:10.1007/BF00264681. PubMed: 7601955.

35. Jilge B, Kuhnt B, Landerer W, Rest S (2001) Circadian temperature
rhythms in rabbit pups and in their does. Lab Anim 35: 364-373. doi:
10.1258/0023677011911831. PubMed: 11669321.

36. Alberts JR (2007) Huddling by rat pups: ontogeny of individual and
group behavior. Dev Psychobiol 49: 22-32. doi:10.1002/dev.20190.
PubMed: 17186514.

37. Coureaud G, Langlois D, Perrier G, Schaal B (2006) Convergent
changes in the maternal emission and pup reception of the rabbit
mammary pheromone. Chemoecology 16: 169-174. doi:10.1007/
s00049-006-0345-9.

38. Coureaud G, Rodel HG, Kurz CA, Schaal B (2008) The responsiveness
of young rabbits to the mammary pheromone: developmental course in
domestic and wild pups. Chemoecology 18: 53-59. doi:10.1007/
s00049-007-0392-x.

39. Coureaud G, Charra R, Datiche F, Sinding C, Thomas-Danguin T et al.
(2010) A pheromone to behave, a pheromone to learn: the rabbit
mammary pheromone. J Comp Physiol Neuroethol Sens Neural Behav
Physiol 196: 779-790. doi:10.1007/s00359-010-0548-y. PubMed:
20574828.

40. Coureaud G, Thomas-Danguin T, Le Berre E, Schaal B (2008)
Perception of odor blending mixtures in the newborn rabbit. Physiol
Behav 95: 194-199. doi:10.1016/j.physbeh.2008.05.018. PubMed:
18586286.

41. Alberts JR (1976) Olfactory contributions to behavioral development in
rodents. In: RL Doty. Mammalian olfaction, reproductive processes,
and behavior. New York: Academic Press. p. 67.

42. Singh PJ, Tucker AM, Hofer MA (1976) Effects of nasal ZnSO4
irrigation and olfactory bulbectomy on rat pups. Physiol Behav 17:
373-382. doi:10.1016/0031-9384(76)90094-9. PubMed: 1013182.

43. Teicher MH, Blass EM (1976) Suckling in newborn rats: eliminated by
nipple lavage, reinstated by pup saliva. Science 193: 422-425. doi:
10.1126/science.935878. PubMed: 935878.

44. Logan DW, Brunet LJ, Webb WR, Cutforth T, Ngai J et al. (2012)
Learned recognition of maternal signature odors mediates the first
suckling episode in mice. Curr Biol 22: 1998-2007. doi:10.1016/j.cub.
2012.08.041. PubMed: 23041191.

45. Saucier D, Astic L, Gigot V, Coureaud G, Schaal B et al. (2005) Spatial
activation of the newborn rabbit olfactory bulb induced by the mammary
pheromone:a 2-deoxyglucose study. Chem Sens 30: A180. doi:
10.1093/chemse/bjh173.

46. Charra R, Datiche F, Casthano A, Gigot V, Schaal B et al. (2012) Brain
processing of the mammary pheromone in newborn rabbits. Behav
Brain Res 226: 179-188. doi:10.1016/j.bbr.2011.09.008. PubMed:
21925546.

47. Fluxman S, Haim A (1993) Daily rhythms of body temperature in
Acomys russatus: the response to chemical signals released by
Acomys cahirinus. Chronobiol Int 10: 159-164. doi:
10.3109/07420529309073884. PubMed: 8319316.

48. Abraham U, Saleh M, Kramer A (2013) Odor is a time cue for circadian
behavior. J Biol Rhythms 28: 26-37. doi:10.1177/0748730412469353.
PubMed: 23382589.

49. Amir S, Cain S, Sullivan J, Robinson B, Stewart J (1999) Olfactory
stimulation enhances light-induced phase shifts in free-running activity
rhythms and Fos expression in the suprachiasmatic nucleus.
Neuroscience 92: 1165-1170. doi:10.1016/S0306-4522(99)00222-5.
PubMed: 10426475.

50. Jechura TJ, Mahoney MM, Stimpson CD, Lee TM (2006) Odor-specific
effects on reentrainment following phase advances in the diurnal
rodent, Octodon degus. Am J Physiol Regul Integr Comp Physiol 291:
R1808-R1816. doi:10.1152/ajpregu.00005.2006. PubMed: 16840658.

51. Granados-Fuentes D, Ben-Josef G, Perry G, Wilson DA, Sullivan-
Wilson A et al. (2011) Daily rhythms in olfactory discrimination depend
on clock genes but not the suprachiasmatic nucleus. J Biol Rhythms
26: 552-560. doi:10.1177/0748730411420247. PubMed: 22215613.

52. Tanida M, Shen J, Nakamura T, Niijima A, Nagai K (2008) Day-night
difference in thermoregulatory responses to olfactory stimulation.
Neurosci Lett 439: 192-197. doi:10.1016/j.neulet.2008.05.021.
PubMed: 18514405.

53. Marcilhac A, Maurel D, Anglade G, Ixart G, Mekaouche M et al. (1997)
Effects of bilateral olfactory bulbectomy on circadian rhythms of ACTH,
corticosterone, motor activity and body temperature in male rats. Arch
Physiol Biochem 105: 552-559. doi:10.1076/apab.105.6.552.3273.
PubMed: 9587645.

54. Perret M, Aujard F, Séguy M, Schilling A (2003) Olfactory bulbectomy
modifies photic entrainment and circadian rhythms of body temperature
and locomotor activity in a nocturnal primate. J Biol Rhythms 18:
392-401. doi:10.1177/0748730403254248. PubMed: 14582855.

55. Pieper DR, Lobocki CA (1991) Olfactory bulbectomy lengthens
circadian period of locomotor activity in golden hamsters. Am J Physiol
261: R973-R978. PubMed: 1928444.

56. Possidente B, Lumia AR, McGinnis MY, Teicher MH, deLemos E
(1990) Olfactory bulb control of circadian activity rhythm in mice. Brain
Res 513: 325-328. doi:10.1016/0006-8993(90)90475-Q. PubMed:
2350703.

57. Tanida M, Niijima A, Shen J, Nakamura T, Nagai K (2005) Olfactory
stimulation with scent of essential oil of grapefruit affects autonomic
neurotransmission and blood pressure. Brain Res 1058: 44-55. doi:
10.1016/j.brainres.2005.07.048. PubMed: 16168968.

Olfactory Synchronization in Newborn Rabbits

PLOS ONE | www.plosone.org 12 September 2013 | Volume 8 | Issue 9 | e74048

http://dx.doi.org/10.1002/dneu.20687
http://www.ncbi.nlm.nih.gov/pubmed/19023860
http://dx.doi.org/10.1016/j.neuroscience.2006.09.020
http://dx.doi.org/10.1016/j.neuroscience.2006.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17055660
http://dx.doi.org/10.1016/j.neuroscience.2012.01.025
http://www.ncbi.nlm.nih.gov/pubmed/22305885
http://dx.doi.org/10.1016/S0950-5601(57)80026-4
http://dx.doi.org/10.1016/S0950-5601(57)80026-4
http://dx.doi.org/10.1126/science.150.3705.1835
http://dx.doi.org/10.1126/science.150.3705.1835
http://www.ncbi.nlm.nih.gov/pubmed/5892995
http://dx.doi.org/10.1016/j.devbrainres.2005.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16026857
http://dx.doi.org/10.1002/(SICI)1098-2302(199911)35:3
http://dx.doi.org/10.1002/(SICI)1098-2302(199911)35:3
http://www.ncbi.nlm.nih.gov/pubmed/10531536
http://dx.doi.org/10.1152/ajpregu.00081.2007
http://dx.doi.org/10.1152/ajpregu.00081.2007
http://www.ncbi.nlm.nih.gov/pubmed/17459914
http://dx.doi.org/10.1111/j.1460-9568.2009.06965.x
http://dx.doi.org/10.1111/j.1460-9568.2009.06965.x
http://www.ncbi.nlm.nih.gov/pubmed/19878279
http://dx.doi.org/10.1016/j.physbeh.2011.05.001
http://dx.doi.org/10.1016/j.physbeh.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21565213
http://dx.doi.org/10.1002/dev.420160502
http://www.ncbi.nlm.nih.gov/pubmed/6618012
http://dx.doi.org/10.1038/nature01739
http://www.ncbi.nlm.nih.gov/pubmed/12840760
http://dx.doi.org/10.1016/0031-9384(86)90394-X
http://www.ncbi.nlm.nih.gov/pubmed/3737709
http://dx.doi.org/10.1006/anbe.2000.1563
http://www.ncbi.nlm.nih.gov/pubmed/11170705
http://dx.doi.org/10.1093/chemse/bjh037
http://www.ncbi.nlm.nih.gov/pubmed/15150147
http://dx.doi.org/10.1002/dev.420180612
http://dx.doi.org/10.1002/dev.420180612
http://www.ncbi.nlm.nih.gov/pubmed/4092843
http://dx.doi.org/10.1007/BF00264681
http://www.ncbi.nlm.nih.gov/pubmed/7601955
http://dx.doi.org/10.1258/0023677011911831
http://www.ncbi.nlm.nih.gov/pubmed/11669321
http://dx.doi.org/10.1002/dev.20190
http://www.ncbi.nlm.nih.gov/pubmed/17186514
http://dx.doi.org/10.1007/s00049-006-0345-9
http://dx.doi.org/10.1007/s00049-006-0345-9
http://dx.doi.org/10.1007/s00049-007-0392-x
http://dx.doi.org/10.1007/s00049-007-0392-x
http://dx.doi.org/10.1007/s00359-010-0548-y
http://www.ncbi.nlm.nih.gov/pubmed/20574828
http://dx.doi.org/10.1016/j.physbeh.2008.05.018
http://www.ncbi.nlm.nih.gov/pubmed/18586286
http://dx.doi.org/10.1016/0031-9384(76)90094-9
http://www.ncbi.nlm.nih.gov/pubmed/1013182
http://dx.doi.org/10.1126/science.935878
http://www.ncbi.nlm.nih.gov/pubmed/935878
http://dx.doi.org/10.1016/j.cub.2012.08.041
http://dx.doi.org/10.1016/j.cub.2012.08.041
http://www.ncbi.nlm.nih.gov/pubmed/23041191
http://dx.doi.org/10.1093/chemse/bjh173
http://dx.doi.org/10.1016/j.bbr.2011.09.008
http://www.ncbi.nlm.nih.gov/pubmed/21925546
http://dx.doi.org/10.3109/07420529309073884
http://www.ncbi.nlm.nih.gov/pubmed/8319316
http://dx.doi.org/10.1177/0748730412469353
http://www.ncbi.nlm.nih.gov/pubmed/23382589
http://dx.doi.org/10.1016/S0306-4522(99)00222-5
http://www.ncbi.nlm.nih.gov/pubmed/10426475
http://dx.doi.org/10.1152/ajpregu.00005.2006
http://www.ncbi.nlm.nih.gov/pubmed/16840658
http://dx.doi.org/10.1177/0748730411420247
http://www.ncbi.nlm.nih.gov/pubmed/22215613
http://dx.doi.org/10.1016/j.neulet.2008.05.021
http://www.ncbi.nlm.nih.gov/pubmed/18514405
http://dx.doi.org/10.1076/apab.105.6.552.3273
http://www.ncbi.nlm.nih.gov/pubmed/9587645
http://dx.doi.org/10.1177/0748730403254248
http://www.ncbi.nlm.nih.gov/pubmed/14582855
http://www.ncbi.nlm.nih.gov/pubmed/1928444
http://dx.doi.org/10.1016/0006-8993(90)90475-Q
http://www.ncbi.nlm.nih.gov/pubmed/2350703
http://dx.doi.org/10.1016/j.brainres.2005.07.048
http://www.ncbi.nlm.nih.gov/pubmed/16168968


58. Doucet S, Soussignan R, Sagot P, Schaal B (2009) The secretion of
areolar (Montgomery’s) glands from lactating women elicits selective,
unconditional responses in neonates. PLOS ONE. 4: e7579. doi:
10.1371/journal.pone.0007579. PubMed: 19851461.

59. Morgado E, Juárez C, Melo AI, Domínguez B, Lehman MN et al. (2011)
Artificial feeding synchronizes behavioral, hormonal, metabolic and
neural parameters in mother-deprived neonatal rabbit pups. Eur J

Neurosci 34: 1807-1816. doi:10.1111/j.1460-9568.2011.07898.x.
PubMed: 22098455.

60. Mistlberger RE, Kent BA, Chan S, Patton DF, Weinberg A et al. (2012)
Circadian clocks for all meal-times: anticipation of 2 daily meals in rats.
PLOS ONE 7: e31772. doi:10.1371/journal.pone.0031772. PubMed:
22355393.

Olfactory Synchronization in Newborn Rabbits

PLOS ONE | www.plosone.org 13 September 2013 | Volume 8 | Issue 9 | e74048

http://dx.doi.org/10.1371/journal.pone.0007579
http://www.ncbi.nlm.nih.gov/pubmed/19851461
http://dx.doi.org/10.1111/j.1460-9568.2011.07898.x
http://www.ncbi.nlm.nih.gov/pubmed/22098455
http://dx.doi.org/10.1371/journal.pone.0031772
http://www.ncbi.nlm.nih.gov/pubmed/22355393

	Maternal Olfactory Cues Synchronize the Circadian System of Artificially Raised Newborn Rabbits
	Introduction
	Methods
	Study design and animal in-vivo studies
	Recordings of gross locomotor activity and core body temperature
	Blood and liver sampling and metabolic measures
	Data analysis

	Results
	Body weight
	Core body temperature
	Locomotor activity
	Liver weight and metabolic parameters

	Discussion
	Conclusions
	Acknowledgements
	Author Contributions
	References


