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Abstract
BDNF-oxytocin interactions in the brain are implicated in mammalian maternal behavior. We found that BDNF gene expression
is increased in the hippocampus of rat mothers that show increased pup licking/grooming (high LGmothers) compared to low LG
mothers. High LGmothers also showed increased BDNF protein levels in the nucleus accumbens (nAcc). Immunoneutralization
of BDNF in the nAcc eliminated the differences in pup LG between high and low LGmothers. Oxytocin antagonist in the ventral
hippocampus significantly decreased the frequency of maternal LG behavior. Oxytocin antagonist significantly prevented the
oxytocin-induced BDNF gene expression in primary hippocampal cell cultures. We suggest that oxytocin-induced regulation of
BDNF in the nAcc provides a neuroendocrine basis for both individual differences in maternal behavior and resilience to the
stress of reproduction in female mammals.
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Abbreviations
BDNF Brain-derived neurotrophic factor
B2M Beta-2 microglobulin
FBS Fetal bovine serum
LG Licking/grooming
nAcc Nucleus accumbens
OT Oxytocin
OTA [β-Mercapto-β,β cyclopentamethylenepropionyl1,

O-Me-Tyr2, Orn8]- Oxytocin

PBS Phosphate buffer saline
SD Standard deviation
SEM Standard error of the mean
Veh Vehicle

Introduction

The quality of parent-child interactions is linked to parental
mental health, which reflects the importance of peripartum
mood disorders, with implications for the risk of mental dis-
orders in the offspring [1, 2]. Nevertheless, we have little
understanding of the neurobiological responses to the de-
mands of reproduction in females and their effects onmaternal
care. Despite an astounding physiological challenge and re-
productive imperative, the mammalian female maintains a
dampened level of stress reactivity, a sustained focus on the
care of the offspring and the ability to respond to her own,
considerable metabolic demands [3–5]. The lactating female
mammal thus provides a natural model of stress resilience.

The ability to focus attention on and respond positively to
the infant are essential features of mammalian parenting. Infant
stimuli activate the same neural, incentive motivational path-
ways as natural (food, sex) and artificial (drugs of abuse) re-
warding stimuli in both rodent and human mothers [6–10].
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Pictures of their infants to human mothers activates brain re-
gions within the mesocorticolimbic dopamine pathway [10].
Sequence-based genomic variants in genes that encode for do-
pamine receptors, notably DRD1, associate with variations in
maternal behavior in humans [11]. Rat mothers show activation
of the mesocorticolimbic dopamine system in response to pup-
related stimuli [12, 13]. Individual differences in maternal be-
havior in the rat, most notably in pup licking/grooming (LG),
correlate with the amplitude of pup-induced increased dopa-
mine release in the nucleus accumbens (nAcc) [13].
Treatments that decrease dopamine release or that block dopa-
mine receptor activation in the nAcc of the rat reduce the quality
and frequency of infant-directed maternal behaviors [13].

Oxytocin, a neuropeptide produced from the paraventricular
nucleus of the hypothalamus, regulates infant-induced
mesolimbic dopamine activity in the maternal rat [14].
Oxytocin is critical for the initiation of maternal behavior, but
seemingly becomes less influential over time [15].
Nevertheless, lactating rats continue to exhibit infant-induced
increases in dopamine release in the nAcc [7], suggesting a
possible sensitization of themesolimbic system to infant stimuli.
Oxytocin facilitates behavioral sensitization to psychostimulants
[16] and the mother—offspring bond has been likened to a state
of addiction [17]. Repeated exposure to psychostimulants pro-
duces a sensitization of behavioral responses [18], which is
partially dependent upon brain-derived neurotrophic factor
(BDNF) [19–22], and BDNF regulates behavioral responses
to psychostimulants [23–26] as well as natural rewards [27].
A recent study provides evidence that BDNF-TrkB signaling
in oxytocin neurons mediates maternal behavior [28].
Oxytocin has been shown to increase hippocampal BDNF
levels [29]. Since the neural systems that mediate the expression
of maternal behavior in mammals overlap considerably with the
reward circuitry, we wondered whether oxytocin act to regulate
BDNF expression, and whether such effects would, in turn,
mediate the expression of maternal behavior. We report an ev-
idence for the oxytocin-induced increase in neuronal BDNF
expression andBDNF action in the nAcc that regulatesmaternal
behavior in the rat.

Results

Maternal BDNF Expression

We examined the relation between BDNF mRNA expression
and variations in maternal behavior in the rat. We used behav-
ioral observations (see method) to characterize individual dif-
ferences in the frequency of pup LG of undisturbed mothers,
focusing on lactating mothers for which the frequency of pup
LGwas 1SD greater (i.e., high LGmothers) or 1SD lower (i.e.,
low LG mothers) than the mean for a cohort of lactating fe-
males. A meta-analysis reveals that the scores of maternal LG

on day 4 are highly predictive of the scores on postnatal day 6
(Fig. 1a), indicating the highly consistent nature of maternal
behavior within the first week of postpartum. We then exam-
ined BDNF mRNA levels using an oligonucleotide probe that
recognizes the exon IX coding mRNA transcript. In situ hy-
bridization analysis of coronal brain sections obtained from
lactating rats on postpartum day 4 revealed significantly higher
BDNF mRNA levels in the ventral dentate gyrus (t(8) = 2.453,
p = 0.040; n = 4–6/group, Fig. 1b, c) and ventral CA1 (t(8) =
4.553, p = 0.002; n = 4–6/group, Fig. 1b, d) regions of the hip-
pocampus of high compared to low LG mothers, suggesting
high LG mothers have increased BDNF gene expression in the
hippocampus compared to low LG mothers.

The incentive motivational pathways including ventral teg-
mental area (VTA), medial prefrontal cortex (mPFC), nAcc,
and hippocampus activated in rodents and human mothers in
response to pup stimuli [6, 7, 9]. The amygdala is also activated
by infant stimuli, such as cry or smile in humans, to motivate
maternal behavior [30]. We, therefore, measured the BDNF
exon IX coding transcript in virgin 4-month-old female rats to
examine potential differences in BDNF gene expression before
pregnancy using qRT-PCR in these brain regions. Analysis of
the qRT-PCR data revealed no significant differences in the
level of BDNF exon IX mRNA transcript (coding exon) in
samples from the mPFC (t(10) = 0.91, p = 0.192, n = 6/group,
Fig. 2a), ventral hippocampus (t(10) = 0.47, p = 0.325, n = 6/
group, Fig. 2c), and amygdala (t(10) = 1.23, p = 0.123, n = 6/
group, Fig. 2e) as well as VTA (data not shown) between the
virgin offspring of high and low LG mothers.

Wemeasured the BDNF exon IX coding transcript in a new
cohort of 4-month-old P4 lactating mothers to validate the in
situ results. Consistent with the in situ hybridization results,
analysis of the qRT-PCR data revealed significant differences
in the level of BDNF exon IX mRNA transcript in samples
from the medial prefrontal cortex (mPFC) (t(7) = 2.15, p =
0.034, n = 4–5/group, Fig. 2b) and ventral hippocampus
(t(8) = 2.23, p = 0.028, n = 4–6, Fig. 2d), but no differences in
the amygdala (t(9) = 0.09, p = 0.933, n = 5–6, Fig. 2f) in the
new cohort animals. Importantly, we were unable to consis-
tently detect BDNF mRNA in the nAcc using qRT-PCR.

BDNF Protein and Activity in nAcc

BDNF is trafficked to projection sites through anterograde
transport [31] and both the hippocampus and VTA project
directly to the nAcc [32]. We then used ELISA [33] to quan-
tify BDNF protein levels in nAcc samples from a cohort of 4-
month-old postpartum day 4 high and low LG mothers.
Analysis of BDNF protein levels revealed significantly higher
BDNF protein levels in the nAcc (t(11) = 2.29, p = 0.043, n =
6–7/group, Fig. 3a) of high compared to low LG mothers. We
used a new cohort of 4-month-old animals to compare BDNF
protein levels in the nAcc in lactating high and low LG
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mothers as well as in 4-month-old virgin females from high
and low LG mothers to validate the findings. We again ob-
served increased BDNF protein levels in lactating postpartum
day 4 high compared to low LG mothers (t(10) = 2.54, p =
0.029; n = 6/group, figure not shown). In contrast, we found
no significant BDNF protein level differences in the nAcc
between high and low LG age matched virgin females
(t(10) = 0.19, p = 0.85, n = 6/group, Fig. 3b). This finding fur-
ther suggests that the enhanced BDNF protein levels found in
the nAcc of high LG mothers are associated with increased
BDNF signaling.

BDNF Signal in nAcc Regulates Maternal Behavior

We then examined the importance of BDNF in the nAcc for
individual differences in maternal behavior using
immunoneutralization with infusions of an anti-BDNF anti-
body [26] into the nAcc shell of 6-month-old high and low LG
mothers. We used mothers previously characterized as high or
low LGmothers to establish the influence of BDNF across the
first week of lactation. Individual differences in maternal be-
havior are highly stable across multiple litters such that the

frequency of pup LG for the first litter is strongly correlated
with that of the second and third litters [34]. We infused pre-
viously characterized High and Low LG mothers with 0.5 μl/
side (5.0 μg of BDNF per side) of anti-BDNF or saline/IgG
into the nAcc on postpartum days 1 to 4 inclusive. The 5-min
infusions of anti-BDNF or saline/IgG control occurred twice a
day (10:00 and 17:00 h). Maternal behavior was observed for
2 continuous hours following infusion for total contact time,
pup LG and arch back nursing. We verified the infusion sites
for all animals using Cresyl violet staining (Fig. 4a).We found
a treatment by maternal phenotype interaction effect (F(1,15) =
4.25, p = 0.057, Fig. 4b) and a treatment effect (F(1,15) = 9.217;
p = 0.008). Tukey’s multiple comparisons test revealed that
among saline-treated animals, the frequency of pup LG was
significantly (p < .05) greater in High LG (n = 4) than in low
LG mothers (n = 5) over a total of 4 days of maternal obser-
vations, confirming the maternal phenotype in the pre-
characterized mothers. Intra-nAcc anti-BDNF infusions (high
LG, n = 5; low LG, n = 5) significantly attenuated the frequen-
cy of pup LG in high LG mothers (p < .05) only. The intra-
nAcc anti-BDNF infusions eliminated the differences in LG
behavior between high and low LG mothers. The same

Fig. 1 In situ hybridization
studies of BDNF mRNA. a
Comparing the scores of maternal
LG on day 4 and that on postnatal
day 6. (n = 388, r = 0.904,
p < 0.0001). b In situ
hybridization of BDNF in
postpartum day 4 high and low
LG rat ventral hippocampus.
Mean ± SEM relative optical
density of BDNFmRNA levels in
c the ventral dentate gyrus and d
the ventral CA1 regions of the
hippocampus in postpartum day 4
high and low LG mothers (n = 4–
6/group; *p = 0.040; **p = 0.002)
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analysis revealed no effect on maternal contact time (Fig. 4c),
suggesting that the effects were specific for LG behavior.

Hippocampal Oxytocin Regulates Maternal Behavior

Individual differences in maternal behavior in the rat associate
with differential effects of oxytocin and oxytocin-induced in-
creases in dopamine release in the nAcc [14]. We examined
whether such effects reflect an influence of hippocampal

oxytocin for maternal behavior by infusing an oxytocin recep-
tor antagonist (OTA) or saline into the ventral hippocampus, a
region of the hippocampus with important projections to the
nAcc [32], in uncharacterized mothers. We observed maternal
behavior for the first 3 days postpartum and infused with 1 μl/
side (0.5 μg of OTA per side) of OTA or saline into the ventral
hippocampus at approximately 3 pm on postpartum day 4.
Immediately after the infusion, maternal behavior was ob-
served for 90 min, and then for 72 min sessions at 1700 and

Fig. 2 BDNF transcript levels.
Mean ± SEM levels of BDNF
transcript examined using qRT-
PCR analysis and expressed as a
ratio of Beta-2 microglobulin
(B2M), in samples of mPFC (a)
and ventral hippocampus (c) and
amygdala (e) from virgin female
offspring of High or Low LG
mothers (n = 6/group; p > .05),
and in samples of mPFC (b)
(*p = 0.034), ventral hippocam-
pus (d) (*p = 0.028) and amyg-
dala (f) (p = 0.933) from lactating
high or low LG mothers (n = 4–6/
group)
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2000 h. The OTA infusion (n = 9) significantly reduced ma-
ternal LG in postnatal day 4 lactating females compared to
saline-treated (n = 7) lactating females (t(14) = 3.11, p =
0.008, Fig. 5a). The same OTA infusion had no effect on
maternal contact time (t(14) = 0.29, p = 0.78, Fig. 5b), suggest-
ing that the effect is specific to pup LG.

Oxytocin Regulates BDNF Gene Expression

We next examined whether the effects of hippocampal oxyto-
cin on maternal behavior mediated by the fluence of oxytocin
on BDNF expression.We examined in vitro oxytocin effects on
BDNF expression in primary hippocampal neurons based on
the high expression of oxytocin receptors in this brain region
[35]. BDNF expression was quantified using qRT-PCR for the
Exon IX (coding region) in the presence of 50 nM oxytocin or
medium alone. This concentration was based on earlier pilot
studies showing a maximal effect. One-way ANOVA revealed
a treatment effect (F(2,9) = 8.528, p = 0.008). Tukey’s post-hoc
analysis revealed that oxytocin treatment significantly in-
creased BDNF exon IX expression (n = 4/group, p = 0.008,
Fig. 6a). This effect was abolished by pre-treatment with a
100 nM concentration of the oxytocin receptor antagonist,
[β-Mercapto-β,β cyclopentamethylenepropionyl1, O-Me-
Tyr2, Orn8]-Oxytocin (OTA) (p = 0.036). Oxytocin effects on
hippocampal function are mediated by MAP kinase signaling
[36]. We examined the effect of oxytocin on BDNF expression
in new cultured hippocampal neurons in the presence of AMP
kinase inhibitor, PD98059 (PD, 10 μM concentration).
Oxytocin treatment increased BDNF exon IX expression (n =
3) but this effect was also abolished in the presence of a MAP
kinase inhibitor (PD 98059, n = 4) and oxytocin antagonist
(One-way ANOVA, F(4,14) = 6.53, p = 0.004, n = 4, Fig. 6b).
These findings reveal an effect of oxytocin on hippocampal

BDNF expression that is likely mediated by a MAP kinase
signaling pathway.

Discussion

We report novel findings on the role of nAcc BDNF, a neuro-
trophic factor that mediates motivational states, on individual
differences in maternal behavior in the rat. High LG mothers
showed enhanced gene expression of BDNF in the hippocam-
pus compared to low LGmothers. Many brain regions includ-
ing the mPFC, ventral tegmental area and hippocampus pro-
ject to the nAcc, a brain region involved in mediating
dopamine-induced reward states [37, 38], and there was an
increase in the level of BDNF protein in the nAcc of high
compared to low LGmothers.We established a functional role
for nAcc shell BDNF in mediating individual differences in
maternal behavior. BDNF immunoneutralization within the
nAcc shell-reduced maternal LG in high LG mothers to levels
comparable to those of low LGmothers. These findings imply
an important role for nAcc BDNF in the regulation of mater-
nal behavior in the rat.

The differences in the BDNF system between high and low
LG female rats were apparent during lactation not in virgin
period, which suggests that the differences in BDNF expres-
sion emerge in response to hormonal conditions of pregnancy
and/or lactation. In support of this idea, we found an evidence
implicating oxytocin in the regulation of BDNF expression.
We found in vivo evidence for the effect of hippocampal oxy-
tocin; infusion of an oxytocin receptor antagonist directly into
the ventral hippocampus, which provides an important projec-
tion to the nAcc [32], reduced the frequency of pup LG. We
also found that oxytocin-induced the expression of BDNF in
hippocampal primary neuronal cultures, an effect that was
blocked with a MAP kinase inhibitor, a finding consistent

Fig. 3 BDNF protein levels.
Mean ± SEM BDNF protein
levels in the nucleus accumbens
(nAcc) of high and low LG dams
on postpartum day 4 (n = 6–7/
group, *p = 0.043) (a). Mean ±
SEM BDNF protein levels in the
nucleus accumbens (nAcc) of
virgin offspring of high and low
LG mothers (n = 6/group) (b)
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with known oxytocin intra-cellular signaling pathways. These
findings suggest that oxytocin-induced changes in BDNF ex-
pression mediate the regulation of maternal behavior.

Importantly, there is increased hypothalamic expression of
oxytocin in high compared to low LG mothers over the first
week postpartum [14]. Oxytocin regulates social affiliation,
including mother–pup interactions, through effects on the
mesolimbic dopamine system [13, 14, 39]. Maternal behavior
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Fig. 5 Oxytocin regulates maternal behavior. Mean ± SEM percentage of
total observations of pup licking/grooming (LG) (a) or time in contact
with pups (b) expressed as a percentage of total observations in postnatal
day 4 uncharacterized lactating rats following OTA (n = 9) or saline (SA,
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�Fig. 4 BDNF immunoneutralization and maternal behavior. a Schematic
illustration of cannulae placement sites in the nucleus accumbens shell. b
Mean ± SEM percentage frequency of total observations of pup licking/
grooming (LG) (n = 4–5/group, *p < 0.05) and c percentage time in con-
tact with pups in previously characterized high and low LG lactating
females on postpartum day 4 over a 2-h period following an infusion with
either saline/IgG or an anti-BDNF antibody into the nAcc shell (n = 3–5/
group)
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in the rat relies upon oxytocin projections to the VTA [6, 14]
and oxytocin infusion into the VTA increases dopamine re-
lease in the nAcc [14], while an oxytocin antagonist infused
into the VTA eliminates differences between high and low LG
mothers in nAcc dopamine levels during nursing [14].
Likewise, there is increased release of oxytocin in the hippo-
campus during suckling in the lactating rat [14, 40] and a
dense expression of oxytocin receptors in the hippocampus
[41]. The hippocampus connects directly to the nAcc [32], a
region that regulates responses to rewarding stimuli through
D1 receptor-sensitive mechanisms [42]. We propose that oxy-
tocin dynamically regulates both dopamine release and BDNF
expression, and the latter effect enhances dopaminergic sig-
naling in high compared to low LG mothers.

BDNF acts through TrkB receptors [43] to regulate behav-
ioral responses to both natural and artificial rewards through
effects on the mesolimbic dopamine system [21–27]. BDNF is
highly expressed in the VTA, co-localizes with tyrosine hy-
droxylase in dopamine neurons and binds with a high affinity
to TrkB receptor, which is expressed throughout the VTA–
nAcc pathway [44]. There is anterograde transport of BDNF
from the VTA to the nAcc [31], and BDNF acts on TrkB
receptors in the nAcc to regulate behavioral responses to re-
warding stimuli [26, 43]. siRNA-mediated decreases in TrkB
in the nAcc impair the establishment of a conditioned
place preference for cocaine [26, 43]. BDNF also in-
creases the expression of D1 and D3 dopamine receptors
[20, 45]. Interestingly, dopamine signal in the nAcc dur-
ing pup LG as well as both D1 and D3 receptor binding
in the nAcc are enhanced in high compared with low LG
mothers [13]. The activation of D1 receptors regulates
the expression of maternal behavior [6]. The present
findings suggest that BDNF activity in the nAcc is asso-
ciated with responding to natural rewards, in this in-
stance, the response of lactating rats towards pups.

BDNF immunoneutralization in the nAcc abolished the
difference in pup LG between high and low LG mothers, but
did not completely eliminate pup LG nor did it affect the
nursing behaviors of the mothers (Fig. 4b, c). Disruption of
oxytocin signaling in lactating mothers produces a compara-
ble effect [46]. Aventral hippocampal infusion of an oxytocin
antagonist on days 3–4 postpartum significantly reduced the
maternal LG (Fig. 5a) but a low level of pup LG continues to
occur and nursing behaviors and contact time with pups were
unaffected (Fig. 5b) [46]. Thus, neither oxytocin nor BDNF is
essential for maintaining maternal behavior once established,
but oxytocin and BDNF rather act as neuromodulators regu-
lating the intensity of the behavior and determining individual
differences in mother–pup interactions.

The importance of BDNF activity within the nAcc in me-
diating appetitive responses to rewarding stimuli stands in
apparent contrast to the results of studies revealing that in-
creased activity within this same system enhances “depres-
sion-like” behavior [47, 48] following social defeat [49].
Social defeat increases BDNF expression in the VTA and
associates with sustained social avoidance as well as anhedo-
nia in male mice. These findings contrast with those showing
that enhanced BDNF signaling in the nAcc supports positive
incentive motivational states, such as maternal behavior. In
each condition, BDNF activity targets nAcc dopamine projec-
tions that are sensitive to both rewarding and aversive stimuli.
Aversive and rewarding stimuli produce opposing effects on
behavior (approach vs. withdrawal) and affective states. There
are at least two features that distinguish these states. First, the
depressive-like effects of increased BDNF signaling in the
nAcc following social defeat require increased corticotropin-
releasing factor signaling [50]. Second, while both social de-
feat stress and exposure to pups for high LG dams associate
with an increase in BDNF expression in the VTA, their op-
posing effects on BDNF expression are observed in the
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hippocampus. Stress decreases BDNF expression in the hip-
pocampus [47], while exposure to pups in high LG mothers
associates with an increase in hippocampal BDNF expression.
Increased hippocampal BDNF produces antidepressant-like
effects [51, 52]. Site-specific reduction of BDNF in the hip-
pocampus induces depression-like behaviors [47], and over-
expression of BDNF in the hippocampus blocks stress-
induced anhedonia [53]. We propose that environmental con-
ditions associated with both BDNF-mediated increased
mesolimbic dopamine activity and increased hippocampal
BDNF associate with enhanced approach behavior commonly
associated with affectively positive states; this is well charac-
terized by the maternal behavior of high LG mothers. In con-
trast, conditions that increase BDNF activity within the
mesolimbic dopamine system and decrease hippocampal
BDNF expression associate with “depression-like” states of
withdrawal that are more representative of maternal behavior
of low LG mothers. This proposal is consistent with the evi-
dence showing that antidepressant medications block the ef-
fect of stress on hippocampal BDNF [51]. Nevertheless, we
cannot exclude the potential protective effect of other hormon-
al factors related to lactation on protecting dams from the
depressogenic effects of mesolimbic BDNF.

These findings suggest that the enhanced BDNF expres-
sion in limbic regions that project to the nAcc in high LG
mothers may serve to maintain a strong maternal motivational
state in the presence of the pups, despite the imposing meta-
bolic demands of lactation. While many human mothers ex-
perience maternity as a period of emotional well-being, a sig-
nificant percentage experience dysphoria (i.e., postpartum de-
pression) [54, 55]. The current findings regarding the role of
BDNF in mediating individual differences in maternal behav-
ior in the rat relate to the human condition, where peripartum
depression and the accompanying decrease in the quality of
mother–child interactions reflect a state of decreased resil-
ience of profound importance for the mother–child dyad [1,
2]. Understanding the neurobiological basis for such individ-
ual variations may help to identify the biological basis of
individual differences in vulnerability/resistance to the effects
of increased environmental demand on motivational/
emotional states.

Limitations

There are important challenges involved in examining the
direct link between oxytocin-induced BDNF in the ventral
hippocampus and its transportation to the nucleus accumbens
in vivo in mediating maternal behavior. Although we demon-
strated the effect of oxytocin on regulation of BDNF gene
expression in vitro, it is challenging to identify changes in
BDNF levels in the nucleus accumbens after acute infusion
of an oxytocin antagonist into the ventral hippocampus since
there are multiple sources of BDNF occurring in different

brain regions. For example, frontal cortex BDNF also regu-
lates nucleus accumbens BDNF levels. Future studies should
find a way to directly examine the transportation of BDNF
from the ventral hippocampus to the nucleus accumbens and
examine the detailed BDNF-TrkB signaling pathways that are
involved in maternal behavior. In addition, the BDNF level
between high and low LG mothers after weaning needs to be
further studied to validate whether the difference is apparent
only during lactation.

Materials and Methods

Animals

The animals were out-bred Long-Evans, hooded rats born in
our colony from females obtained from Charles River Canada
(St. Constant, QC). Food and water were provided ad libitum.
The colony was maintained on a 12:12 light/dark schedule
with lights on at 09:00 h. Rats were singly housed for 2 weeks
following mating. Females gave birth and were left undis-
turbed with their pups until weaning, with the exception of
regular cage maintenance. All procedures were performed ac-
cording to the guidelines from the Canadian Council on
Animal Care and approved by the McGill University
Animal Care Committee.

Maternal Behavior

Maternal behavior was observed for five, 75-min periods/day
for the first 4 days or 6 days postpartum based on the exper-
iment as previously described [14, 34]. High LGmothers were
defined as females for which the mean frequency scores for
LG over the first 6 days postpartum were > 1 SD above the
cohort mean. Low LG mothers were females for which the
mean frequency scores for LG were < 1 SD below the cohort
mean.

BDNF In situ Hybridization

A meta-analysis was performed to study whether the licking
grooming scores on postnatal day 4 can predict the scores on
postnatal day 6 using 6 cohorts containing 964 animals. We
analyzed the correlation between the LG score on day 4 and
that on day 6 using linear regression. The meta-analysis re-
vealed that maternal LG scores on day 4 are highly predictive
of the scores on postnatal day 6 (Fig. 1a). A new cohort lac-
tating mothers were observed, from which 4 high and 5 low
LG mothers were selected on postpartum day 4 and their
brains were dissected following rapid decapitation (less than
1 min). The brains were snap frozen in isopentane and stored
at − 80 °C. Coronal sections of the brain were sliced at 15 μm
and were thaw-mounted on poly-L-lysine-coated slides under
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RNase-free conditions and stored at − 80 °C. Rat brain sec-
tions were prefixed in a 4% paraformaldehyde solution for
10 min in preparation for the hybridization experiments. The
sections were rinsed in 2 × SSC for 10 min and in 0.25%
acetic anhydride and 0.1 M triethanolamine solution (pH
8.0; 1× 10 min). Sections were then dehydrated using a 50–
100% ethanol gradient, placed in chloroform for 10 min,
followed by rehydration in 95% ethanol. The sections were
then incubated overnight at 37 °C with 150 μl/slide of hybrid-
ization buffer containing 50% deionized formamide, 10 mM
dithiothreitol, 10 mMTris (pH 7.5), 600 mM sodium chloride,
1 mM EDTA, 10% dextran sulfate, 1 × Denhardt’s solution,
100 g salmon sperm DNA, 100 μg/ml yeast tRNA, and [35S]
ddATP-labeled oligonucleotide probe. The oligonucleotide
sequence for BDNF messenger RNA (5′AGTTCCAGTGCC
TTTTGTCTATGCCCCTGCAGCCTTCCTTCGTG
TAACCC3′) was labeled using a DNA 3′-end labeling kit
(Roche, Quebec, Canada). Following hybridization, slides
were washed in 1 × SSC buffer (1 × 15 min at RT), 2 × SSC
buffer (1 × 30 min at 55 °C), 0.5 × SCC buffer (1 × 15 min at
RT), rinsed briefly in water, dried, and apposed to Hyperfilm
for 10 days. The hybridization signals within various brain
regions including dorsal CA1, dorsal dentate gyrus, ventral
CA1, ventral dentate gyrus (vDG) of hippocampus, and the
ventral tegmental area (VTA) were quantified using densitom-
etry with an image analysis system (MCID, St. Catharines,
Ontario). The data from the ventral CA1 and ventral dentate
gyrus (vDG) are presented as arbitrary optical density
(absorbance) units following correction by subtraction of
background and are the averages drawn from three sections
per brain region/per animal. The anatomical regions used for
analyses were verified using Nissl-staining of slide sections
and the rat brain atlas of Paxinos and Watson [56].

Quantitative Real-time Reverse Transcription-PCR
(qRT-PCR) Analysis for BDNF Gene Expression

Whole brains were removed from 4-month old, postpartum
day 4 high (n = 5) and low LG mothers (n = 6) and the age
matched 4-month-old virgin female offspring of high (n = 6)
and low LGmothers (n = 6) by rapid decapitation, snap frozen
on dry ice using ice-cold isopentane, and stored at − 80 °C.
The brains were then sliced at 200 μm thickness in a cryostat
at − 18 °C. Brain regions including the mPFC, nAcc, dorsal
and ventral hippocampus, and amygdala were excised using a
0.8-mm diameter tissue puncher. RNA was isolated with the
Trizol reagent method (Invitrogen, Burlington, ON), followed
by treatment with DNase I to eliminate any remaining geno-
mic DNA. cDNAwas synthesized using 2 μg of total RNA,
random hexamer primers and Avian Myeloblastosis Virus re-
verse transcriptase (Fermentas, Burlington, ON). A non-
template negative control as well as control samples without
reverse transcriptase were used within the cDNA samples. To

control for equal loading, the rat Beta-2 microglobulin (B2M)
gene (GenBank accession number NM_012512) was also
subjected to PCR amplification (forward primer: 5′-CCGT
GATCTTTCTGGTGCTT-3 ′ ; r eve r s e p r ime r : 5 ′
AAGTTGGGCTTCCCATTCTC-3′). BDNF exonIX (for-
ward primer: 5′-GAGAAGAGTGATGACCATCCT-3′; re-
verse primer: 5′-TCACGTGCTCAAAAGTGTCAG-3′) and
B2M amplification were performed in parallel in a real-time
thermocycler (LightCycler 480; Roche Applied Science).
Relative gene expression levels were calculated using the nor-
mal delta-Ct method. The specificity of the amplified PCR
products was assessed by performing a melting curve analysis
following PCR amplification. No primer–dimers that inter-
fered with the quantification of the PCR products were
detected.

Enzyme-Linked Immunosorbent Assay (ELISA)

Whole brains from postpartum day 4 4-month-old high (n = 6)
and low LG (n = 7) female rats or 4-month-old virgin female
rats (n = 6/group) were rapidly removed after decapitation and
flash frozen between 9:00 am and 12:00 pm. Bilateral tissue
punches of the nAcc (core and shell) were obtained from
200 μm coronal sections sliced on a cryostat at −18 °C. The
coronal sections were approximately + 1.8, + 0.26 mm from
bregma for the nAcc [57]. The punched samples were snap
frozen on dry ice and stored at − 80 °C. Frozen tissue punches
were sonicated in 300 μl of lysis buffer (137 mM NaCl,
20 mM Tr i s , 1% NP-40 , 10% glyce ro l , 1 mM
phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, 1 μg/ml
leupeptin, and 0.5 mM sodium vanadate). The homogenates
were incubated at 4 °C for 30min and centrifuged at 12,000×g
for 10 min. The protein concentrations from the supernatants
were determined using the Micro-BCA assay kit (Pierce,
Rockford, IL). ELISAs were performed using the BDNF
ELISA kit (Cat # CYT306, Millipore, Temecula CA) accord-
ing to the manufacturer’s instructions. Using the ChemiKine
BDNF assay system, rabbit polyclonal antibodies generated
against human BDNF were coated onto a microplate and used
to capture BDNF from tissue. BDNF-specific, biotin conju-
gated, mouse monoclonal antibody (No. 60583) was used to
detect the captured BDNF. BDNF content was interpolated
from standard curve runs for each plate (linear range of 7.8–
500 pg/ml for BDNF). BDNF protein content was divided by
total protein in each sample to determine the picograms of
peptide per microgram of total protein. We repeated the
ELISA experiment to validate the previous result by using a
new cohort of high (n = 6) and low LG (n = 6) mothers.

BDNF Immunoneutralization

We based our protocol on the study of Graham et al. (2007)
[26] that used anti-BDNF infusions into the nAcc shell to
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reveal the role of nAcc BDNF in cocaine-seeking behavior.
On gestational day, 14–15 female rats were anesthetized and
bilateral guide cannulae (23-gauge, Plastic One, Roanoke,
VA) were implanted in the nAcc shell (1.2 mm anterior to
bregma, ± 0.8 mm lateral to the midline, and − 7.0 mm ventral
to the surface of the cortex). These animals were 6 months old
previously characterized as high and low LG mothers. The
assembly was secured with acrylic dental cement. Animals
were allowed to recover for 7–8 days and give birth. We in-
fused mothers twice per day at 10:00 and 17:00 based on
meta-analyses data obtained from 3 cohorts showing that
pup LG occurred at its highest frequency during these hours.
On postpartum days 1, 2, 3, and 4, bilateral infusions of 0.5 μl/
side anti-BDNF (Chemicon, Millipore, Etobicoke, ON. Cat#
AB1513P) or saline/IgG were infused into the nAcc shell of
high (saline, n = 4; anti-BDNF, n = 5) and low LG (saline, n =
5; anti-BDNF, n = 5) rat mothers. Each infusion lasted 5 min
and involved an anti-BDNF concentration of 5 μg per 0.5 μl/
side. The concentration used for the anti-BDNF infusions is
based on previous studies showing that this dose effectively
reduces BDNF levels in the nAcc [26]. Maternal behaviors
were observed for 120 min after each infusion.

Oxytocin Receptor Antagonist (OTA) Infusions

We examined the importance of oxytocin in the ventral
hippocampus, the main hippocampal sub-region
projecting to the nAcc [32], for maternal behavior by
in fus ing an oxy toc in recep to r an t agon i s t [β -
Mercapto-β,β cyclopentamethylenepropionyl1, O-Me-
Tyr2, Orn8]-Oxytocin into the ventral hippocampus of
dams. We used uncharacterized 4-month-old mothers to
determine the effect of hippocampal oxytocin on mater-
nal behavior. On pregnancy day 14–15, female rats were
anesthetized and bilateral guide cannulae (23-gauge,
Plastic One, Roanoke, VA) were implanted in the ventral
hippocampus (− 6.1 mm anterior to bregma, ± 4.5 mm
lateral to the midline, and − 6.7 mm ventral to the sur-
face of the cortex). The assembly was secured with
acrylic dental cement. Animals were allowed to recover
for 7–8 days and give birth. Lactating mothers were ob-
served for the first 3 days postpartum, and on postpartum
day 4 were infused with 1 μl/side (0.5 μg OTA per side)
of OTA (n = 9) or saline (n = 7) at approximately 3 pm.
For each infusion session, dams were briefly taken out of
their home cages, handled and a bilateral infuser was
inserted into the guide cannula. As soon as the infuser
was in place, dams were returned to their home cage and
infused with either OTA or saline/IgG using a 1 μl
Hamilton syringe. Immediately after the infusion, mater-
nal behavior was observed for 90 min and for two 72-
min sessions at 17:00 and 20:00 h. Histological verifica-
tion confirmed the infusion site for all animals.

Hippocampal Cell Cultures

Primary hippocampal cell cultures were prepared from hippo-
campi dissected from male and female rats on embryonic day
20, incubated 15 min in 0.25% trypsin, dissociated, and plated
at a density of 3 × 108 cells/cm2 as previously described [58].
MEM Alpha media (Life technologies, Cat#12561-056) sup-
plemented with 10% fetal bovine serum, 15 mM HEPES,
20 mM potassium chloride, 55 mM glucose and 0.1%
penicillin/streptomycin was changed the day after plating
and every 3 days thereafter. One day after seeding, media
was supplemented with 20 mM each of uridine and 5-
fluorodeoxyuridine to prevent proliferation of glial cells.
Cells were maintained for 7 days at 37 °C in a humid atmo-
sphere with 5% carbon dioxide. The cells were cultured for
7 days in vitro since sex differentiation has not occurred yet at
this stage [59]; therefore, the neurons from both sexes can still
be studied as one group. Previous characterizations of cultures
generated with this protocol have shown them to be over 95%
neuronal [60]. MEM alpha media was changed to neurobasal
Medium (life technologies, Cat# 12348-017) without fetal bo-
vine serum, followed by adding 0.5 mM GlutaMax supple-
ment (Life technologies, Cat# 35050-061) 2 h before treat-
ments with specific drugs (i.e., oxytocin, Sigma-Aldrich,
Cat# O6379; oxytocin antagonist (OTA), [β-Mercapto-β,β
cyclopentamethylenepropionyl1, O-Me-Tyr2, Orn8]-
Oxytocin, Sigma-Aldrich, St. Louis, MO, Cat #O6887;
MAPK kinase inhibitor PD98059, Thermo fisher scientific,
Cat# PHZ1164). Cells were collected and RNAwas isolated
at different time points after drug treatment using a
Nucleospin RNA XS kit (Macherey-nagel, Cat# 740902.50).
On column DNase was treated to remove genomic DNA res-
idue according to the kit protocol. cDNA conversion was then
performed using 0.5 μg RNA and Maxima reverse transcrip-
tase (Thermo scientific, Cat# EP0743) for qRT-PCR analysis
of BDNF exon IX mRNA.

Cresyl Violet Staining

Rat brains with cannula implantation were collected and sliced
in 40μm coronal sections. Brain sections were fixed using 4%
paraformaldehyde in 1 X phosphate-buffered saline (PBS) for
20 min. Tissues were rinsed in 1 X PBS then incubated in 1:1
alcohol/chloroform overnight to reduce background from fat
staining. Tissues were then rehydrated and stained in 0.1%
cresyl violet solution at 37 °C for 10 min. Tissues were rinsed
in distilled water and dehydrated in alcohol and then cover
slipped using permanent mounting medium.

Statistical Analyses

BDNF mRNA levels in hippocampal cell culture were ana-
lyzed using one-way analysis of variance (ANOVA).Maternal
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behaviors, BDNFmRNA, and BDNF protein expression were
analyzed using student unpaired, two-tailed t tests. Maternal
behavior in the BDNF immunoneutralization study was ana-
lyzed using one-way ANOVA followed by Bonferroni post-
hoc analyses when a significant interaction was reached.
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