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INTRODUCTION 
Breastfeeding has many beneficial effects on mothers and 
the babies [1]. Lactation failure is associated with the high 
incidence of breast cancer, type 2 diabetes and obesity in the 
mothers and autism, sudden death, and deficiency in maternal 
behaviors in the babies [2]. Lactation failure is also associated 
with increased incidence of postpartum depression and 
premenopausal breast cancer [3-5]. Successful lactation is 
based on coordinated actions of milk production, secretion 
and ejection controlled by a series of hormonal events. 
These hormones synchronize the development of mammary 
glands and hypothalamic plasticity to meet requirements of 
lactation [6]. 

Milk ejections are the most sensitive event in the lactation 
and are achieved through the milk-ejection reflex (MER) [7]. 
During suckling, afferent inputs from nipples are integrated in 
the brain into intermittent activation of hypothalamic oxytocin 
(OXT) neurons in forms of burst firing [8,9]. Synchronized 
bursts among OXT neurons cause release enough OXT to 
trigger a milk-ejection from the mammary glands. OXT 
neuronal activity is directly modulated by various cellular 
components and neurochemical around OXT neurons. During 
lactation, the supraoptic nucleus (SON) undergoes significant 
plastic changes which form the basis of burst discharges[10].
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Somatodendritic release of OXT is another dramatic feature 
in the SON, which plays permissive and auto-regulatory roles 
in neurochemical modulation of OXT neuronal activity [11-
13]. OXT receptors (OXTRs) are localized on both neurons and 
astrocytes in the supraoptic nucleus (SON) [14]. By activation 
of OXTRs, OXT can change the morphology and functions 
of supraoptic cells by activation of Gαq/11 type of G protein 
coupled receptors and by mobilization of a series of cellular 
signals, e.g., cyclooxygenase 2 (Cox-2) and phosphorylated 
extracellular signal-regulated protein kinase (pERK) 1/2 [14-
17]. Moreover, the findings that mother-baby separation 
can decrease blood OXT levels and OXT has anxiolytic effects 
suggest the involvement of the OXT-secreting system in the 
occurrence of lactation failure[18,19]. However, it remains a 
question about the critical loci in the MER pathway that are 
responsible for lactation failure. Moreover, it is not answered 
whether and how lactation failure is causally related to the 
breast tumorigenesis.

Lactation failure is associated with many factors, such as 
mother-baby separation, lacking social supports, obesity, 
babies’ sickness, poor breast conditions, cesarean section, 
mental disorders, and early usages of bottle feeding and milk 
substitutes, etc. Among them, mother-baby separation is the 
common cause of lactation failure [20-27]. Thus, to establish 
causal relationship between lactation failure and postpartum 
health issues in women and to clarify neural mechanisms 
underlying lactation failure-associated breast cancer, we used 
a maternal separation model to observe effects of lactation 
interruption (L-I) on maternal behaviors, OXT neuronal 
excitability and proliferative activity of mammary glands of 
lactating rats. Lastly we examined different patterns of OXT 
applications on the expression of pERK 1/2 and Cox-2 of the 
mammary glands in response to oxidative stress in vitro. The 
preliminary results have been published in an abstract form [28]. 

MATERIALS AND METHODS
All procedures in these experiments were in accordance with 
the guidelines on the use and care of laboratory animals set 
by NIH and approved by the Institutional Animal Care and 
Use Committees of the University of California, Riverside, and 
Harbin Medical University, respectively.

Preparation of L-I Rats.

Primiparous Sprague-Dawley rats were used during lactation 
as described previously  with minor modification[29]. Within 
24 h of parturition, litters were adjusted to 10 pups. Dams 
had 4 h contacts per day with their pups, beginning on 
lactation day 8-9; separated pups were nursed by foster 
mothers at all other times. On postpartum day 11-12, 
observations were made of the following: maternal behaviors 
(e.g., pup retrieval, ano-genital licking, and suckling), signs of 
anxiety and depression, litter and dam body weight gains, 
the latency and duration of MER. This model was also used 
in observations of firing activity of OXT neurons in whole 
animals and in brain slices, measurement of intramammary 
pressure (IMP), and examination of functional proteins as 
described in the followings. 

Western Blots.

Mammary glands and brain tissues from the SON were 
sampled. For examining effects of the separation on mammary 
gland development and OXT modulation of the responsive 
features of mammary glands to oxidative stress, primiparous 
rats were used on postpartum day 11-12 (i.e., separation 
day 4). Methods for in vitro preparation and incubation of 
rat mammary glands are modified from a previous report 
[30]. In brief, mammary glands were removed immediately 
after decapitation. Mammary tissues were dissected in ice-
cold Krebs-Ringer solution under visual observation through 
a stereomicroscope. In the L-I rats, the tissues, each piece 
weighing 3-5 mg, were directly put in a tissue lysis buffer, 
and proteins were extracted and assayed. The lysis buffer 
was composed of 50 mMTris-HCl (PH 7.4), 150 mMNaCl, 
and 1% Triton X-100 and protease inhibitors. In weaning 
rats, the tissues with same size and loci were assigned to 
different groups as described in the Results and maintained 
for 1 h at 37°C in 30 ml of the solution.  The Krebs-Ringer 
solution contained (in mM): 141 NaCl, 5.6 KCl, 3.0 CaCl2, 
1.4 KH2PO4, 1.4 MgSO4, 24.6 NaHCO3, 11 glucose, pH 7.4, 
equilibrated with 95% O2-5% CO2. At the end of treatments, 
the tissues were transferred into the lysis buffer to obtain 
proteins. The methods for extracting proteins from the SON 
have been reported in details [16,17]. To run Western blots, 
60 μg of protein were separated on 10% SDS-PAGE gels and 
transferred onto PVDF membranes. Protein membranes were 
pretreated with 5% milk solids for 1 h at room temperature, 
and then incubated with antibodies against target proteins 
as described in the Results. Loading controls were set 
using antibodies against actin (rabbit, 1: 500) or total ERK2 
(rabbit antibody 1: 1000, 1 h at room temperature). Bands 
were visualized using horseradish peroxidase-conjugated 
secondary antibodies and an enhanced chemiluminencence 
system (GE Healthcare). 

Immunohistochemistry.

In different animal models, morphology of mammary glands 
and immunostaining of the SON were observed. While we 
collected samples for Western blots, mammary gland tissues 
were also sampled and then fixed with 4% paraformaldehyde 
for 24 h. After cryosection (10 μm-thick), conventional 
Hematoxylin and Eosin staining was carried out. Images of 
the sections were taken using a Nikon microscopy and stored 
in computer for further analysis. To reduce the variability of 
results from different loci, sections of equivalent location in 
the mammary glands from different groups were used for 
comparisons.  
In vivo Electrophysiology and Measurement of IMP.

In studying OXT neuronal activity in different types of rats, 
lactating rats were used with or without separation for 
4 days. The methods were a modification of that used 
previously [31]. Dams were separated overnight from a litter 
of 10 pups but one, and anesthetized with urethane (1.2 g/
kg body weight, i.p.) on the following morning. Animals were 
placed in a stereotaxic frame according to a rat brain atlas, 
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and body temperature was maintained at 36.5-38°C [32]. 
Venous cannulation was made of a femoral vein. To measure 
IMP, a cannula inserted into an inguinal mammary teat was 
connected to an electromagnetic pressure transducer and 
IMP changes were recorded in on a computer via an AD/DA 
board. After exposure of the dorsal surface of the cortex, a 
stimulating electrode was implanted into the neural stalk/
posterior pituitary, via the dorsal approach, and fixed on 
the skull with dental cement around pre-anchored screws. 
Three hours after the operation, extracellular recordings 
were made from the SON neurons. A glass micropipette (tip 
diameter, 2-3 μm; 4-6 MΩ) filled with a 2.5% Pontamine 
Sky Blue solution in 0.5 M sodium acetate was lowered 
into the SON. To facilitate burst generation, subcutaneous 
injection of xylazine (tranquillizing drug and α2-adrenoceptor 
agonist, 0.2 mg/kg body weight) was applied 20 min before 
suckling tests. Antidromically-identified SON neurons that 
showed burst firing patterns followed by ejection of milk 
were classified as OXT neurons. If no burst or milk ejection 
occurred, continuous firing pattern and excitatory responses 
to application of cholecystokinin octapeptide (CCK; 20 μg/kg, 
i.v.) were taken to judge the chemical nature of neurons in 
the SON [33]. Electrical signals from the SON were collected 
through a conventional amplifier and the digitized analog 
signals were recorded on a 16-channel data acquisition 
system. After recordings, the stimulation sites were marked 
by passing positive current through the metal electrode (10-
50 μA for 10-15 min). The last recording site was marked with 
an iontophoretic deposit of Pontamine Sky Blue dye (-20 
μA, continuous current for 15 min). Correct loci were then 
verified by conventional histology and microscopy.

In vitro Electrophysiology.

Following 4 day dam-pup separation, brain slices and patch-
clamp recordings were performed as previously described 
[34]. In brief, coronal brain slices containing the SON were 
cut after decapitation. Whole cell patch-clamp recordings 
were obtained from magnocellular neurons under visual 
guidance through an upright microscope during perfusion of 
artificial cerebrospinal fluid. The artificial cerebrospinal fluid 
contained (in mM): 126 NaCl, 3 KCl, 1.3 MgSO4, 2.4 CaCl2, 1.3 
NaH2PO4, 26 NaHCO3, 10 Glucose, 0.2 ascorbic acid, pH 7.4 
and was gassed with 95% O2/5% CO2. Patch-pipette filling 
solution contained the following (in mM): 145 K-gluconate, 
10 KCl, 1MgCl2, 10 HEPES, 1 EGTA, 0.01 CaCl2, 2 Mg-ATP, 0.5 
Na2-GTP, pH 7.3, adjusted with KOH. To further identify the 
chemical nature of recorded neurons, 0.05% Lucifer Yellow  
(K+ salt) was added to the pipette solution to mark the patched 
neurons. An Axopatch 200B amplifier (Molecular Devices) 
was used for collecting electrical signals that were filtered 
and sampled at 5 kHz by Clampex 10 software through an 
analog-to-digital converter (Molecular Devices). Data were 
stored in a computer for offline analysis.

Drugs, Antibodies and Agents Used.

All drugs were from Sigma (St. Louis, MO) except as otherwise 
noted. All primary antibodies were products of Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA). All reagents for Western 
blots were from GE Healthcare (Piscataway, NJ).  

Data Collection and Analysis.

Data analyses of Western blots and patch-clamp recordings 
have been described in previous reports [16,17]. Lactation 
failure was defined as a reduction in milk availability of more 
than 80% of the control per unit time (one hour). To evaluate 
maternal behaviors, dams were observed throughout 
the period of dam-pup separation. Signs of anxiety were 
evaluated by increases in frequencies of ambulation and 
rearing; signs of depression mainly include loss of interests 
in the pups and maternal body weight gain [35]. The interests 
of dams to pups were shown by the latency and frequency 
of licking pups after whole litter retrieval. ANOVA, paired 
or non-paired t test, or Wilcoxon rank test and χ2 test were 
used for statistical analyses where available as instructed 
by SigmaStat program (SPSS, Chicago, IL), and p < 0.05 was 
considered significant. All measures were expressed as mean 
± SEM, except as otherwise indicated in results.

RESULTS

Effects of L-I on the MER and Maternal Behaviors

Maternal separation from the infant is one major cause of 
lactation failure and maternal mental disorders; therefore, 
we adopted a rat experimental model of dam-pup separation 
to study effects of L-I on the MER and maternal behaviors[29]. 
Compared to the MER of the controls (n = 8), the first MER 
of the L-I rats (n = 8) occurred after a longer latency (10-
24 min, versus 6-10 min in control) and milk ejections 
stopped earlier (30-45 min versus > 1 h in control). In two 
pairs of rats from the two groups, IMP was measured (see 
also the IMP recordings at 7 rats during in vivo recordings 
of OXT neuron activity). The MER in the L-I  rat  was 
obviously weaker than that in the control rat as shown in the 
magnitude and frequency of changes in the IMP (Figure 1). 

Figure 1: Effects of lactation interruption (L-I) on the milk-ejection 
reflex. A. Traces indicating changes in the intramammary pressure 
(IMP) observed at day 4 of the control rat (A1) versus that at day 
4 of the L-I dam (A2). Note that the right insets/axes indicate the 
IMP responses to 1 mU OXT (i.v.) as a biologic assay of the relative 
amount of OXT released in response to suckling stimulation. B. Bar 
graph summarizing the effect of L-I on milk availability to the litters. 
*, P < 0.05 compared to day 1.

However, injection of OXT (1 mU, i.v.) in L-I rats still caused 
an increase in the IMP and stretch responses of pups, similar 
to that in normally lactating dams, indicating that the failure 
in the MER was not occurring at the level of mammary 
glands. Correspondingly, body weight gains in the eight litters 
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were significantly lower than those before the separation 
and of the control rats. These results indicate that dam-
pup separation can significantly reduce milk availability by 
reducing OXT secretion but not significantly interrupting the 
contractile capacity of myoepithelial cells. In addition, milk 
was still available from the mammary glands.

During the separation, the mother rats exhibited a series of 
signs of psychiatric disorders. On the first two days, dams 
showed significantly increases in the frequency of ambulation 
and rearing, which reached a peak level within the first hour 
after the separation (6-10 times/min in the first 10 min). On 
the fourth day of the separation, maternal behaviors could 
still be observed; however, the dams showed loss of interests 
in the pups, a typical sign of maternal depression [35]. That 
is, despite the maintenance of suckling behaviors, the dams 
spent longer times before starting to lick them. Latency to the 
first licking after whole litter retrieval and the times of licking 
during suckling were significantly different from the control 
dams. Meanwhile, the body weight of those L-I dams was not 
increased that appeared in the control group. In addition, L-I 
dams appeared social isolation as shown by lack of interests 
to male intruders, e.g., less frequent (>80%) approaching, 
attacking, and ano-genital probing, etc. As a whole, dam-pup 
separation resulted in a mixed behavior disorder, with signs 
of anxiety-dominance at beginning and signs of depression-
dominance in later stages. Quantitative evaluation of some 
of these mood/behavior changes is summarized in Table 1. 
These results indicate that while dam-pup separation can 
disrupt normal MER, it also evokes maternal depression 
intermixed with signs of anxiety, which are consistent with 
previous reports [29,36].

Table 1: Effects of Dam-pup separation on maternal behaviors and 
milk availability

Effects of L-I on the Histology of Mammary Glands

Abnormal OXT production can seriously influence mammary 
gland development, and form a basis of carcinogen 
susceptibility [37]. Since normal MER in L-I rats was 
disrupted, we examined whether dam-pup separation also 
causes early involution of mammary glands in three pairs 
of rats. After dissection, part of the mammary tissue was 
fixed, cryosectioned and Hematoxylin and Eosin stained. 

Note: Statistics are based on 8 litters in each group, *p< 0.05; **P< 
0.01 compared to day 1 with two-tailed, paired t-test; L-I, lactation 
interruption.

Parameters/Groups Control 
day 1

Control 
day 4

L-I day 
1

L-I 
day 4

Latency of licking (min) 1.38 ± 
0.32

1.25 ± 
0.18

1.31 ± 
0.21

4.88 ± 
0.94

Licking times/one hour 5.1 ± 
0.5

5.5 ± 
0.4

5.4 ± 
0.3

3.5 ± 
0.3**

Dam’s body weight (g) 356.8 ± 
11.2

366 ± 
10.6**

364.4 
± 13.5

359 ± 
14.8

Litter’s weight gain (g) 10.1 ± 
0.46

11.9 ± 
0.74

10.8 ± 
0.53

1.2 ± 
0.33**

Microscopic observation revealed that the mammary glands 
in normal dams were rich in alveoli, which were much 
distended with milk. Most lobules were filled with secretory 
contents after 4 h separation from the pups. The interlobular 
connective tissue septa are thin and compressed (Figure 2A1). 
In the mammary glands of L-I dams, alveoli were smaller, 
whereas the number of body cells surrounding the alveoli 
and interlobular connective tissue increased significantly 
(351 ± 45 % of the control, P < 0.05). In addition, many alveoli 
were without secretory materials (Figure 2A2). This result 
indicates that an early involution was evoked in the L-I dams.

OXT is the major hormone to maintain mammary gland 
development during lactation, and which depends on 
OXTRs in the mammary glands [38]. Thus, changes in OXTR 
expression could be associated with the early involution of 
mammary glands. Therefore, in another part of mammary 
tissue samples, OXTR expression was examined in Western 
blots (Figure 2B). The results showed no significant (P > 0.05, 
n = 3) change in OXTR expression in the L-I dams (117.3 ± 
8.9% of control). Together with the IMP changes and the 
restoring effects of exogenous OXT, these results indicate 
that the reduced milk ejections were due to decreases in the 
amount and frequency of OXT secretion, but not to changes 
in OXTR expression or the contractility of the myoepithelial 
cells in the mammary glands although the storage of milk was 
decreased obviously.

 

Figure 2: Effects of the L-I on the histology of mammary glands. A. 
Exemplary microscopic images of Hematoxylin and Eosin stained 
cryosections of mammary glands from control (top panel) and L-I 
rats (bottom panel). From left to right, the images are at 4X, 20X, 
and 40X magnifications, respectively; insets (green squares and 
arrows) were enlarged from 40X images. B. Western blots showing 
OXTR expression (top row) in the control (left) and L-I (right) rats and 
loading controls with actin (bottom bands).

OXT Effects on Oxidative Stress-Evoked Proliferative 
Responses in Mammary Glands 

OXT can promote mammary gland differentiation and directly 
inhibit tumor growth [39]. Since lactation is negatively 
correlated with breast tumorigenesis, we hypothesized that 
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OXT release during suckling may make unique contributions 
to the refractoriness of mammary glands to carcinogens[4]. 
Both pERK 1/2 and Cox-2 have been implicated in early breast 
tumorigenesis [40,41]. If lactation can reduce mammary 
tumor susceptibility, OXT should also inhibit carcinogen-
evoked expression of pERK 1/2 and Cox-2. To test this 
hypothesis, we examined influences of different patterns 
of OXT application on the effects of oxidative stress-evoked 
expression of pERK 1/2 and Cox-2 in mammary glands by 
applying H2O2. OXT (0.1 nM, 2 min, 10 min, or 2 min for 5 
times with intervals of 5 min between two applications) did 
not significantly influence the expression of pERK 1/2 and 
Cox-2, while H2O2 (50 µM, 40 min) significantly increased the 
expression of pERK 1/2 and Cox-2. Simultaneous application 
of H2O2 with OXT produced different results depending on the 
patterns of OXT application. It is only the pulsatile application 
of OXT that significantly reduced H2O2-induced pERK 1/2 and 
Cox-2 expression (Figure 3). This result clearly indicates that 
the pulsatile OXT actions rather than tonic OXT actions have 
strong anti-oxidative effects.

 

Figure 3: Effects of OXT on hydrogen peroxide (H2O2)-evoked 
expression of phosphorylated extracellular signal-regulated protein 
kinase (pERK) 1/2 and cyclooxygenase (Cox-2) in mammary glands 
from weaning rats. A. Exemplary bands of Western blots showing Cox-
2, pERK 1/2 protein, and loading control (from top to the bottom). 
From left to the right, the bands show vehicle control, 0.1 nM OXT 
for 2 min, 10 min and 2 min X 5 with an interval of 5 min between 
two neighboring OXT applications (pulsatile OXT), 5 μM and 50 μM 
H2O2 for 40 min, and 50 μM H2O2 for 40 min plus OXT for 2 min, 10 
min and pulsatile OXT (the last panels), respectively. B. Bar graphs 
summarizing influences of different patterns of OXT applications on 
H2O2-evoked pERK 1/2 (left) and Cox-2 (right) expressions. Note that 
each point represents samples from five rats; *, P < 0.05 and **, P 
< 0.01 compared to control; ††, P < 0.01 compared to 50 μM H2O2.

Effect of the Dam-Pup Separation on the Firing Activity of 
OXT Neurons in vivo and in vitro

Examination of changes in the MER and mammary gland 
developments revealed that the lactation failure in L-I rats is 
likely due to the failure of OXT secretion but not its actions. 
OXT secretion from the posterior pituitary is directly controlled 
by burst firing in OXT neurons [42]. Thus, we examined the 
potential link of the L-I on the lactation. As shown in our 
preliminary study, in 7 L-I rats, none of 18 putative OXT 
neurons was elicited typical milk-ejection bursts although 2 
of the 7 rats showed weak but detectable milk ejections (i.e., 
0.2-0.6 mU OXT) during 1 h suckling[28]. In contrast, in 19 non-
separated lactating rats, 62 OXT neurons showed 197 typical 
bursts in our previous observations [34]. Statistically, there 
is significant difference between L-I and non-separated rats 
in the ratio of burst firing (Chi-square test, P < 0.001). These 
findings suggest that the ability of OXT neurons to discharge 
burst was reduced significantly. Moreover, direct electrical 
stimulation of the posterior pituitary in burst frequency 
(50 Hz, 0.2 mA, 0.5 s for 4 s) could still evoke full-sized milk 
ejections (~1 mU OXT) in 4/4 dams tested, indicating that the 
suppression of MER in L-I rats occurred at the levels of OXT 
neurons or their presynaptic neurons but not at the posterior 
pituitary or mammary glands. 

The suppression of burst firing in OXT neurons could result 
from malfunctions in OXT neurons themselves or from 
persistent inhibitory inputs from stress-associated brain 
structures. Because in stress responses, corticoids can inhibit 
OXT neuronal activity by increasing GABAergic inputs while 
reducing glutamatergic neurotransmission [43]. To identify 
whether the malfunctions in OXT-secreting system is at OXT 
neurons or remote modulating structures, the burst capacity 
of OXT neurons was further observed in brain slices from L-I 
rats. Phenylephrine (1 μM, 5 min, three times with intervals 
of 15 min washout) was applied in the low Ca2+ (0.7 mM) 
artificial cerebrospinal fluid as previously described [34]. 
In normal lactating rats, phenylephrine further increased 
the firing rate in OXT neurons on the basis of low Ca2+ 
excitatory actions, and evoked burst firing in 38.9% (14 of 
36) OXT neurons as detailed in previous experiments [34].

 
Figure 4: Effects of L-I on burst firing in OXT neurons. A. Patch-clamp 
recordings of OXT neuronal activity in brain slices from a control rat 
(A1) and from an L-I rat (A2) in response to phenylephrine (Phe, 1 μM) 
in the low Ca2+ artificial cerebrospinal fluid (LC, 0.7 mM). Note that 
the numbers under the traces are the initial membrane potentials 
(uncorrected for liquid junction potentials of 8-11 mV), which are 
extended in dashed lines. A burst was evoked in the slice from 
the control (arrow) but not the L-I rat. B. Bar graphs summarizing 
influences of L-I on the membrane potential of OXT neurons under 
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resting condition. Note that, *, P < 0.05 compared to day 4 controls.

 In contrast, most of OXT neurons (12/16) in the L-I rats had 
less negative resting membrane potentials (13.4 ± 1.9 mV 
more depolarized than normal dams, P < 0.01) and lacked 
spikes. Even in the four neurons showing a few spikes (0.01-0.2 
Hz), which was low in amplitude (25-50 mV) and refractory to 
phenylephrine stimulation. However, a depolarizing response 
could still be elicited by phenylephrine (Figure 4). These 
results strongly support the hypothesis that lactation failure 
results from malfunctions in OXT neurons

DISCUSSION

To set a solid background to investigate neural mechanisms 
underlying lactation failure-associated maternal health 
issues, we first evaluated the influence of dam-pup separation 
on the MER and the maternal behaviors. Through measuring 
IMP, we identified a critical role of OXT-secreting system in 
the lactation failure. Moreover, we established the causal 
link between lactation failure and malignant transformation 
potentials of mammary glands by simulating the pulsatile 
release of OXT during suckling and its influence on oxidative 
stress. Finally, we identified the target of L-I on the MER by 
electrical recordings of OXT neuronal activity in the SON in 
vivo and in vitro. These findings allow us to propose that L-I 
could promote the precancerous lesions of the mammary 
glands by decreasing the excitability of OXT neurons and the 
pulsatile release of OXT following suckling stimulation.

Influences of L-I on Maternal Behaviors and the MER.

Our result indicates that the lactation failure is due to lack of 
OXT from OXT-secreting system in the L-I rats since supplying 
exogenous OXT could evoke milk ejections. By disrupting 
normal mother-infant interactions, malfunctions of the 
OXT-secreting system could cause the disorders in maternal 
behaviors. During lactation, suckling-evoked OXT release is 
not only essential for the survival of the offspring but also 
for positive maternal mood [44,45]. OXT can reduce stress-
induced response by reducing the adrenocorticotropin and 
cortisol secretion [45]. However, strong psychiatric impacts 
like mother-infant separation can still disrupt the “defense 
system” built on the anxiolytic effects of endogenous OXT, 
leading to lactation failure and disorders of maternal mood 
[46]. The maternal stress, anxiety, depression, and even 
mental disorders during the mother-infant separation can 
in return worsen the mother-baby relationship [3]. Actually, 
subcutaneous OXT supplement did increase milk yield and 
remove signs of anxiety and depression in the L-I rats (our 
unpublished observation).

Mother-baby separation can reduce afferent inputs from 
mammary glands, increase retention of milk in the mammary 
glands, and reduce release of prolactin and OXT that can 
contribute to maternal depression [18,47]. Mother-baby 
separation also increases the activity of sympathetic nervous 
system and hypothalamic-pituitary-adrenal axis that inhibit 
OXT neuron activity, and thus disrupts the MER [43,48]. Thus, 
cortisol and sympathetic outflows during the separation stress 

could contribute to the lactation failure while worsening 
maternal mood.

Influences of L-I on Mammary Gland Proliferation by 
Changing OXT Secretion.

In parallel with the behavioral disorders, lactation failure 
can also increase the susceptibility of mammary glands 
to carcinogens. Mammary glands in the L-I rats presented 
increased numbers of undifferentiated epithelial cells but not 
myoepithelial cells that are markedly resistant to malignant 
transformation and able to suppress the transformation of 
neighboring luminal cells [49]. These precancerous lesions 
could also facilitate breast tumorigenesis. Since OXT plays a 
dominant role in the generation of the MER  the precancerous 
lesions of the mammary glands could result from lacking 
OXT during the separation. This proposal is consistent with 
that involution of the mammary glands after the cessation 
of sucking is greatly delayed by the administration of OXT 
to the mother [50]. Since OXTRs on mammary glands and 
their responses to OXT remain normal, this study provides 
experimental basis for therapeutic consideration that 
appropriate supplements of exogenous OXT to keep the 
mammary glands from tumorigenesis.

OXT can inhibit mammary cell proliferation and tumor growth 
in mice, rats and MDA-MB231 human breast cancer cell 
lines [39]. In animals with high mammary tumor incidence, 
circulating OXT during suckling is low [51,52]. The present 
study further presented that the intermittent, but not 
the infrequent (single 2 min) or tonic (10 min) OXT actions 
dramatically suppressed H2O2-evoked proliferative activity 
in mammary glands. This finding is the first evidence that 
directly indicates that suckling-evoked intermittent pulsatile 
release of OXT plays a key role in the reduction of mammary 
proliferative activity by lactation.

Mechanisms Underlying the Anti-Precancerous Lesion Effect 
of OXT.

OXT suppression of proliferative activity is likely related 
to OXTR signaling in the mammary glands. It has been 
reported that oxidative stress can induce migration of MCF-
7 cells by up-regulation of pERK 1/2 signaling via activating 
calmodulin kinase II [40,53]. The anti-proliferative effect of 
OXT is achieved by mobilization of cAMP-protein kinase A 
[54]. Since cAMP/protein kinase A signaling and pERK 1/2 
signaling are mutually antagonistic, OXT may exert anticancer 
effects by suppressing pERK 1/2 signaling and subsequent 
tumorigenesis following oxidative stress[15]. Similar to pERK 
1/2, Cox-2 as a downstream signal of pERK 1/2, will also be 
inhibited following the inhibition of pERK 1/2 and reduction 
of Ca2+ signaling [15,17]. Because the proinflammatory 
microenvironment within the mammary gland of L-I rats could 
render an “ideal niche” for oncogenic events, by suppressing 
the expression of pERK 1/2 and Cox-2, OXT could inhibit the 
potential mutation by interruption of proliferative signaling 
cascades involving STAT3 activity, B cell lymphoma 2, caspases 
and others [55,56]. In human breast cancer tissue, the activity 
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of insulin-regulated aminopeptidase increases significantly, 
which can decrease oxytocin levels in mammary tissues [57]. 
Thus, the anti-cancer effect of OXT is turned down due to the 
oxytocinase hydrolysis of local OXT in the mammary tissues. 

Nevertheless, normal lactation will destine the epithelial 
cells in mammary glands to be resistant to carcinogens 
during lactation and late stages of female reproduction. 
The high efficiency of intermittent or pulsatile, rather than 
tonic, actions of OXT on mammary glands could be due to 
less desensitization of OXTRs and the evading of circulating 
OXT from the decomposition of local oxytocinase, which 
guarantees a more effective result of anti-oxidative stress. 
The translational potential of this finding is that clinician may 
consider adopting a therapy with an intermittently delivered, 
moderate amount, rather than single large dose, of OXT, 
to restore the MER and mammary gland differentiation in 
women experiencing lactation failure. 

Mechanisms Underlying the Malfunctions of OXT-secreting 
System.

Despite the extensive involvement of other hormones 
and neural processes, abnormal OXT neuron activity is 
clearly the major reason of lactation failure. Stimulation 
of the posterior pituitary or venous supplemental OXT 
could restore milk ejections immediately, and expression 
of OXTRs in the mammary glands did not reduce after the 
separation. Thus, the major disorders should occur at OXT 
neurons. This proposal is supported by the electrical features 
of OXT neurons in vivo and in vitro, and by the cellular and 
molecular changes in the SON that have been presented in 
our preliminary observations [28].

Mechanistically, abnormal electrical activity of OXT neurons in 
L-I rats is the primary cause of lactation failure. That suckling 
failed to excite OXT neurons including the burst firing suggests 
lack of efficient excitatory inputs or appropriate responses 
from OXT neurons. Recordings from OXT neurons in brain 
slices further clarified that, both basal and reactive electrical 
features were disrupted in L-I rats. Thus, the reduced OXT 
availability following the separation is due to the failure of 
OXT neurons to respond to suckling stimulation. The second 
neurochemical disorder is the uncoupling of OXTR signaling 
cascade. In L-I rats, OXTRs and their downstream effectors, 
Gαq/11 subunits, increased significantly while pERK 1/2 
decreased significantly. Importantly, molecular associations 
between OXTRs, Gαq/11 subunits and ERK protein decreased 
in L-I rats. Thus, external signals could not be delivered into 
OXT neurons efficiently even the expression of OXTRs and 
the Gαq/11 subunits increased significantly. Certainly, some 
other links in the afferent pathway could also be involved in 
the malfunctioning of the OXT-secreting system, particularly 
the putative synchronization center in the mammillary body 
complex, which remain to be investigated[8]. 

CONCLUSION

The present study revealed that the dam-pup separation can 
cause maternal depression, lactation failure and precancerous 

lesions of the mammary glands. Moreover, pulsatile fashion 
of OXT secretion rather than tonic OXT actions powerfully 
suppresses oxidative stress-evoked proliferative activity 
in mammary glands. Lastly, the abnormal activity of OXT-
secreting system originates from cellular and molecular 
disorders in OXT neurons rather than the sensitivity of 
the OXTRs on the mammary glands. This study, from an 
integrative view, reveals for the first time that malfunctions 
of the OXT-secreting system are causally associated with the 
precancerous lesions of the mammary glands. The present 
results highlight the importance of a pulsatile pattern of 
OXT actions in suppressing breast tumorigenesis. Further 
clarification of the neural mechanisms underlying lactation 
failure should trigger better therapeutic strategies for 
lactation failure and prevention of breast cancer.
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