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Distal Pup Cues Evoke Dopamine Responses in Hormonally
Primed Rats in the Absence of Pup Experience or Ongoing
Maternal Behavior

Veronica M. Afonso, Waqqas M. Shams, Daniel Jin, and Alison S. Fleming
Department of Psychology, University of Toronto, Mississauga, Ontario L5L 1C6, Canada

During the early postpartum period or following estrogen/progesterone administration, pups elicit maternal behavior accompanied by a
robust dopamine (DA) response in the nucleus accumbens (NAC) of female rats (Afonso et al., 2009). To determine whether DA responds
to ostensibly “salient” stimuli in the absence of consummatory behaviors, we examined NAC shell DA responses during restricted
(stimuli placed in a perforated box), and unrestricted access to pup and food stimuli. Microdialysis samples were collected from female
rats that were either cycling and postpartum (Experiment 1), or after ovariectomy and treated with empty and hormone-filled capsules
(Experiment 2). Relative to nonprimed controls, hormonally primed females had suppressed basal DA concentrations and facilitated
pup-evoked DA responses, regardless of stimulus access condition. In contrast, food-evoked DA responses were unchanged by hormonal
priming and were greater when females consumed food compared with distal (restricted) exposure to food. During pup and food
restriction conditions, the lack of any “appetitive” behavioral differences, even in pup experienced postpartum females, was surprising.
In Experiment 3, we confirmed that postpartum dams allocated time equivalently to restricted pup and food stimuli, even after pup
deprivation. This was in sharp contrast to the effects of deprivation during the unrestricted access phase. Together, our data demon-
strated that, in hormonally primed females, distal pup cues could evoke DA responses without prior stimulus experience, ongoing
maternal (behavioral) responses, or clear evidence of robust pup saliency. The results suggest that NAC DA response reflects a state of
responsiveness related to basal DA suppression in the hormonally primed female rat.

Introduction
The maternally inexperienced mother rat shows the full repertoire of
maternal behavior during the end of pregnancy, birthing, and first
encounters with her young (Wiesner and Sheard, 1933; Fleming and
Rosenblatt, 1974; Numan and Insel, 2003). In the absence of hor-
monal changes, virgin rats avoid pups on initial exposure (Li and
Fleming, 2002; Numan et al., 2006); however, with continuous pup
exposure, they show maternal behavior (4–10 d) to foster pups
(Rosenblatt, 1967; Fleming and Rosenblatt, 1974; Orpen and
Fleming, 1987). The administration of hormones associated with
late pregnancy and parturition facilitates a rapid onset (1–6 d) of
maternal responsiveness (Moltz et al., 1970; Krehbiel and LeRoy,
1979; Mayer and Rosenblatt, 1979, 1980, 1987; Bridges, 1984, 1990).

Estradiol and progesterone enhance mothering by acting on
both hypothalamic and mesolimbic mechanisms (Numan et al.,

2006). The nucleus accumbens (NAC), a terminal site of the me-
solimbic dopamine (DA) system, regulates stimulus salience, rein-
forcement learning, and motor output in a variety of motivational
contexts (Graybiel et al., 1994; Berridge and Robinson, 1998;
Cagniard et al., 2006). On initial pup exposure, the recently par-
turient mother rat shows a substantial DA elevation, an observa-
tion not seen in virgin animals, even after experience (Hansen et
al., 1991a,b, 1993; Champagne et al., 2004; Olazábal et al., 2004;
Ferris et al., 2005; Afonso et al., 2009, 2011). The two groups also
differ in baseline DA, with levels considerably reduced in post-
partum rats (Afonso et al., 2009, 2011). A similar baseline DA
suppression and pup-stimulated DA elevation are obtained in
virgin animals treated with hormones (Afonso et al., 2009, 2011).
Although ovarian hormones can bias the DA system to respond
to pup stimuli in the absence of pup experience, undetermined is
whether pup-evoked DA relates to pup saliency alone or to the
actual expression of maternal behavior, as DA responses correlate
to licking behavior (Afonso et al., 2009, 2011).

The present study determined whether: (1) distal pup cues
(e.g., olfactory, visual, auditory emanating from a Plexiglas box
with holes) provoke the same DA release pattern as found with
unrestricted pup interactions; (2) ovarian hormones in the ab-
sence of pup experience contribute to restricted pup-evoked DA
responses; and (3) selectivity exists in restricted pup-evoked DA
responses by comparisons with restricted food responses. In a
nonhomecage chamber, microdialysis samples were collected
from the NAC shell of (1) virgin and postpartum (Experiment 1)
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or (2) pup-naive ovariectomized (OVX) sham-and hormone-
treated (Experiment 2) virgin female rats interacting with pup
and food stimuli under restricted and unrestricted access. Previ-
ously, postpartum females attended predominately to pups when
given simultaneous unrestricted access to pups and food in the
dialysis chamber (Afonso et al., 2009). Using a much larger ap-
paratus compared with the dialysis chamber, in Experiment 3,
postpartum rats were given simultaneous restricted access to
pups and food, followed by unrestricted access to these stimuli.
Performed after deprivation conditions, this experiment was de-
signed to alter the animals’ specific “motivational” state as re-
flected by differential time spent in proximity to pups versus food
in unrestricted phases.

Materials and Methods
Subjects
Virgin Sprague Dawley female rats (225–300 g), obtained from Charles
River, were individually housed in Plexiglas shoebox cages (21 cm high �
26 cm wide � 38 cm deep), given wooden shavings for bedding. Purina
Rat Chow and water were available ad libitum. Animals were housed in a
colony room maintained on a 12:12 h light/dark cycle with lights on 8 am
to 8 pm, at �24°C � 1°C.

Habituation to apparatus and food
Before experimental manipulations, all females were given 4 Honey Nut
Cheerios daily for a week in their homecage. Then for 5 d (1 h sessions)
during which they were given 4 Cheerios, females were habituated to the
dialysis cage (Experiments 1 and 2; clear circular plastic; 24.77 cm diam-
eter, 29.8 cm height, with two stainless steel food dispensers and plastic
floor), or to the large testing apparatus (Experiment 3; clear rectangular
Plexiglas; 34 cm wide, 108 cm length, 38 cm height, with corn cob-
covered floor).

Experiments 1 and 2: general methods
Microdialysis procedure. Rats were anesthetized using a 2:2 isofluorane/
oxygen ratio for all surgical procedures. Females were stereotaxically
implanted with a unilateral guide cannula with a stylet (15 mm in length,
Bioanalytical Systems) aimed above the NAC shell (flat skull; 1.7 mm
caudal to bregma, 0.5–1.0 mm lateral to midline, 6.9 –7.3 mm beneath
the surface of the skull) (Paxinos and Watson, 1986). During sampling, a
probe (320 �m OD, 2 mm length, cutoff 20,000 Da, Bioanalytical Sys-
tems) extending 2 mm below the guide was attached to tubing; a needle
dispensed the collection samples at a rate of 1 �l/min in 8 min bins into
refrigerated vials (4°C) containing a standard antioxidant (2.5 mM ascor-
bic acid in 0.9% saline, Sigma). The dialysis cage had limited space but
allowed freedom of movement in all directions while maintaining the
integrity of infusion lines. A counterbalanced arm and tethering system
kept test lines of the animal’s reach while permitting the animal to rise
and stretch ad libitum.

Stimuli presentation during microdialysis. After probe placement into
the guide cannula, baseline samples were collected (15 samples, 120
min). After this basal sampling, pups or food, counterbalanced during
the restricted phase, were presented to the female in a secured Plexiglas
box (6 � 7.8 � 7.9 cm, with perforated holes); hence, females had only
restricted, distal exposure to the stimuli. Stimuli consisted of donor pups
(2 males and 2 females that were postnatal day 2– 4, warm and recently
fed) or food (40 Cheerios in the box). One of the boxed stimuli would be
available for 16 min (i.e., two samples collected) followed by a 16 min
period with no stimulus before the second boxed stimuli was available for
16 min.

The restricted phase was followed by unrestricted access to pups and
then food, not counterbalanced. The unrestricted phase first consisted of
16 min availability of the pups (same pups as in the box) placed on
shredded paper towel (nesting material) in one of the food dispensers.
This was followed by 16 min of no stimulus, and then 2 Cheerios were
placed directly on the chamber floor and after an 8 min period another 2
Cheerios were placed into the chamber. Food-stimuli were eaten within 1

min during these two 8 min sampling bins. Digital video recording col-
lected behavioral data (see Figs. 2 B, 4 B for the sampling procedure).

HPLC. After collection of the samples, DA concentrations were deter-
mined with HPLC. Briefly, a BAS 460 HPLC system with electrochemical
detection (Bioanalytical Systems) was used together with a Uniget C-8
reverse phase column (catalog no. 8949). The mobile phase consisted of
buffer [0.1 M monochloroacetic acid, 0.5 mM Na-EDTA, 0.15 g/L Na-
octylsylfonate, and 10 nM sodium chloride, pH 3.1], acetonitrile and
tetrahydrofuran (Sigma) at a ratio 94:3.5:0.7. The flow rate was 0.5 ml/
min, and the working electrode (Iniget 3 mm glassy carbon, BAS P/N
MF-1003) was set at 700 mV versus Ag/Ag/Cl. Detection gain was 1.0 nA,
filter was 0.2 Hz, and the detection limit was set at 500 nA. Of the 8 �l of
collected per sample, 5 �l was directly injected into the HPLC system for
analysis. The remaining 3 �l of the sample was used in combination with
external standards of DA (Sigma) to quantify and identify the peaks on
the chromatographs. The retention times for DA were �3.32 min under
the set conditions.

Probe placement. For an animal to be included in the statistical analysis,
the guide cannula had to end above the NAC and between 0.3 and 1.0
mm from midline. Figure 1 shows the anatomical placements of the
“active” zones of the probe.

Experiment 1: parity methods
Females were either placed with males for mating ( postpartum, n � 5) or
left alone (virgin and cycling, n � 6) in their homecages for 10 d. Preg-
nant (d14 –16 gestation) and cycling females had guide cannulae placed
into the NAC shell. Sampling began 24 h after parturition for postpartum
females. Dialysate samples were collected from a cycling female on the
same day as a postpartum dam. During sampling donor pups, rather than
their own pups, were used as the pup stimuli.

Experiment 2: hormone treatment methods
One week after OVX, virgin pup-naive females were randomly assigned
to sham (n � 5) or hormone (n � 7) treatment groups. OVX animals
were anesthetized and a single 17 h-estradiol 3-benzoate (E, Sigma) cap-
sule was administered subcutaneously via a 20 mm SILASTIC implant
(0.078 in ID � 0.125 in OD; Dow Corning) in the nape region. Two days
after the E capsule implants, animals were again anesthetized and an
additional 3 progesterone (P, Sigma) capsules (40 mm) were adminis-
tered subcutaneously in the dorsal region. Before implantation, the
SILASTIC capsules were sealed with 5 mm wood piece (CAN Lab) and
SILASTIC Medical Adhesive (Dow Corning) after being filled with either
E or P. The 100% crystalline E- and P-filled portions of the implants were
10 and 30 mm in length, respectively. The capsules were left to dry for a
24 h period, after which they were washed in ethanol and incubated for
48 h in PBS ( pH 7.0). At the same time points, control rats received
empty (unfilled) SILASTIC implants that resembled the hormone-filled
capsules. Progesterone capsules were removed 10 d after implantation
and sampling commenced the following day. Previously, the serum E
levels with these E treatments were in the range of 75– 80 pg/ml, similar to
those found during pregnancy d15–22, whereas the P treatment at 32
ng/ml yield less than pregnancy levels of 80 ng/ml at gestation d4 –10, or
120 ng/ml at gestations d12–20 (Stern and McDonald, 1989).

Experiment 3: time allocation methods
Female rats (N � 16) were placed with males for 10 d of mating. Two days
after parturition, time allocation assessments were made from these post-
partum females given 20 min tests with simultaneous presentation of
pups (2 males and 2 females, PND2–5) and food (Cheerio) stimuli, each
on opposing sides of the test chamber. For the first 10 min of the test,
females were given restricted access to pups and food, each stimulus in
their own perforated box; then for the next 10 min, the boxes were
opened (unrestricted). For the food side, during the restricted phase the
box contained �40 Cheerios, and during the unrestricted phase this box
was replace with an open box containing 4 Cheerios.

Females were given two 20 min tests daily: (1) under a nondeprived
condition and (2) later in the day after one of four possible deprivation
conditions. For the first test of the day, postpartum rats were removed
from their homecage and litter and placed in the center of the large
chamber for the 20 min test period. Rats were then placed back into their
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homecage before a second test was performed. While in their homecage,
postpartum rats were deprived of their pups (P) and food (F) for either 5
or 10 h durations, thus creating four deprivation conditions: 5P5F,
5P10F, 10P5F, and 10P10F. The conditions were counterbalanced across
4 d so that each female was given a second test under each deprivation
condition, which was performed after the nondeprived condition (des-
ignated as 0P0F), performed daily across the 4 d. Based on videotape
coding, the time spent with each of the stimuli for the each of the 10 min
access phases was calculated by partitioning the chamber into three equal
compartments with the center considered neutral.

Experiments 1 and 2: statistical analyses
Basal DA. Before the 128 min sampling procedure, which included pre-
sentation and removal of various stimuli, basal DA concentrations were
obtained from means of three consecutive samples that differed from one
another by no �10%. An independent samples t test was performed on
DA concentrations ( pg/�l) for both experiments to assess group differ-
ences ( parity, cycling vs postpartum [Experiment 1]; or treatment, sham
vs hormone [Experiment 2]).

Stimulus-evoked DA. For each experiment to assess stimulus-evoked
DA, a 3-factor ANOVA, 2-group (parity, cycling vs postpartum [Exper-
iment 1] or treatment, sham vs hormone [Experiment 2]) � 2 stimulus
(pups vs food) � 2 access (restricted vs unrestricted), was performed on
DA responses (% of basal concentrations, averaged across the two sam-
ples). For significant interactions, Tukey HSD post hoc analysis was per-
formed on individual means with appropriate corrections. As basal DA
measurements differed with hormonal status in both experiments, to
investigate further the influence of basal DA levels on DA responses to
stimuli for each experiment, we included the basal concentrations as a
covariate in the ANOVAs.

Behavior. During microdialysis, we analyzed behavioral differences
between the groups under the restricted phase, using a 2 group (parity
[Experiment 1] or treatment [Experiment 2]) � 2 stimulus (pups vs
food) ANOVA on the time spent on sniffing or touching the box con-
taining either pups or food. In terms of pup stimuli, a second ANOVA
was performed to determine the behavioral effects of restricting access to

pups. A 2 group (parity or treatment) � 2 access (restricted vs unre-
stricted) ANOVA was performed on time spent with pup stimuli. Food-
related behavior during the unrestricted phase was not included in a
similar analysis, as females ate the 2 Cheerios within 1 min in each of the
two 8 min bins, thereby eliminating the presence of the stimuli.

Experiment 3: statistical analysis
A 2 (access: restricted vs unrestricted) � 2 (stimuli: pups vs food) � 5
(conditions: 0P0F vs 5P5F vs 5P10F vs, 10P5F vs 10P10F) repeated-
measures ANOVA was performed on the duration (sec) a postpartum rat
spent on a given stimulus side. The nondeprived condition (i.e., 0P0F)
was performed daily before a given deprivation conditions, and we aver-
aged the time spent with each stimulus across the 4 d for the 0P0F
condition.

Results
Experiment 1: parity effects
Basal DA
t tests revealed that postpartum dams had significantly re-
duced basal DA concentrations compared with cycling females
([t(9) � 2.46, p � 0.04], Fig. 2A). The time course of the DA
responses (% of basal concentrations) after basal collection is
shown in Figure 2B.

Stimulus-evoked DA
The ANOVA for stimulus-evoked DA revealed significant main
effects of parity [F(1,9) � 12.34, p � 0.007] and access [F(1,9) �
14.52, p � 0.004]. Postpartum dams had increased DA responses
compared with cycling females; and compared with restriction,
unrestricted access to stimuli produced increased DA responses
in all females. There were also significant interactions of parity �
stimulus [F(1,9) � 13.36, p � 0.005] and stimulus � access
[F(1,9) � 5.47, p � 0.044]. Post hoc analyses showed that postpar-
tum females had increased pup-evoked DA responses compared

Figure 1. For intact cycling/postpartum (Experiment 1) and OVX sham/hormone-treated (Experiment 2) female rats, schematics of anatomical unilateral placements (anterior to bregma,
according to Paxinos and Watson, 1986) of the “active zone” (shaded lines) of microdialysis probes in the nucleus accumbens shell at three different locations.
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with the cycling group (Fig. 3A), regard-
less of access type. During restriction,
postpartum females had increased pup-
evoked compared with food-evoked DA
responses; and during the unrestricted
phase, cycling females showed the reverse.
Both parities showed increased DA re-
sponses to unrestricted compared with re-
stricted access to food (Fig. 3A). When
basal concentrations were partialled out,
these effects remained significant.

Behavior
The parity � stimulus ANOVA revealed
no significant effects, demonstrating that
during restricted access females sniff and
touch the two boxes equivalently, regard-
less of parity or stimulus. The parity �
access ANOVA revealed a significant
interaction (p � 0.001). During unre-
stricted access to pups, the postpartum females spent more time
with pups (i.e., sniffing, retrievals, hovering, licking, mouthing)
than during restricted pup-access and compared with the cycling
group (Fig. 3B).

Experiment 2: hormone treatment effects
Basal DA
As with the parity effect, the t test performed on DA concentra-
tions revealed that hormone-treated females had significantly
reduced basal DA release compared with sham females [t(10) � 5.00,
p � 0.001]. See Figure 4A for basal data and Figure 4B for time
course of DA responses (percentage over basal).

Stimulus-evoked DA
The ANOVA revealed significant main effects of treatment
[F(1,10) � 30.80, p � 0.001] and access [F(1,10) � 26.30, p �
0.001]. Hormone-treated females had increased DA responses
compared with sham females; and compared with restriction,
unrestricted access to the stimuli produced increased DA re-
sponses in all females. There were also significant interactions of
treatment � stimulus [F(1,10) � 5.57, p � 0.040] and treatment �
access [F(1,10) � 10.14, p � 0.010]. Post hoc analyses showed
similar results to Experiment 1 in that hormone-treated females
had increased pup-evoked DA responses compared with the
sham group, regardless of access type. Like Experiment 1,
hormone-treated females had increased pup-evoked compared
with food-evoked DA responses during the restricted phase; and
during the unrestricted phase, sham-treated females showed the
reverse. Both treatment groups showed increased DA responses
to unrestricted food compared with restricted access (Fig. 5A).
Unlike postpartum females, hormone-treated females had in-
creased DA responses to unrestricted pup access compared with
the restricted condition. Different from earlier effects showing
parity differences, in this hormone experiment, when basal con-
centrations were partialled out of the analyses, all significant ef-
fects were eliminated.

Behavior
The treatment � stimulus ANOVA revealed no significant re-
sults, demonstrating that during restricted access females sniff
and touch the two boxes equivalently, regardless of treatment or
stimulus. The treatment � access ANOVA revealed a significant
interaction (p � 0.001). During unrestricted access to pups, the
hormone-treated females spent more time with pups (i.e.,

sniffing, retrievals, hovering, licking, mouthing) than during
restricted pup access and compared with the cycling group
(Fig. 5B).

Experiment 3: time allocation
The ANOVA showed significant main effects of stimulus
[F(1,48) � 15.22, p � 0.002] and condition [F(4,48) � 6.95, p �
0.001]; and, interactions of access � stimulus, [F(1,48) � 19.95,
p � 0.001], access � condition [F(4,48) � 7.14, p � 0.001], stim-
ulus � condition [F(4,48) � 3.61, p � 0.012], and access � stim-
ulus � condition [F(4,48) � 5.90, p � 0.001]. Tukey post hoc
analysis, performed on individual means with appropriate cor-
rections, revealed that only after 5 or 10 h of deprivation from the

Figure 2. For intact cycling (n�5) or postpartum (n�6) female rats (Experiment 1), in vivo DA assessments before and during
restricted and unrestricted access to pup and food stimuli. A, Basal DA level data (mean � SEM) represent the average DA
concentration of 3 samples collected before any stimuli exposure. Postpartum females had decreased basal DA concentrations
compared with their cycling controls: ap �0.05, parity difference. B, After basal collection, the time course for in vivo DA responses
relative to basal DA concentrations (mean � SEM percentage of basal concentration) during restricted access to pups and food
(counterbalanced); and unrestricted access to pups, then food.

Figure 3. Parity, stimulus, and access had selective effects on (A) DA that was unrelated to
(B) behavior in the intact female rat (Experiment 1). A, DA response data (mean � SEM)
represent average percentage of basal concentration. Postpartum (n � 6) females during
restriction had increased pup-evoked compared with food-evoked DA, and compared with the
cycling (n � 5) group had increased pup-evoked DA, regardless of access type. When unre-
stricted, cycling females had increased food-evoked compared with pup-evoked DA responses.
In all females, DA responses to unrestricted food were increased compared with restricted
access. B, Time spent (mean � SEM) in behaviors directed toward each of the restricted stimuli
and during unrestricted pup access. Among postpartum dams, but not among cycling controls,
the time spent with unrestricted access to pups was significantly greater than the time spent
with pups in the box. ap � 0.05, parity difference for pup stimuli during a given access. #p �
0.05, access difference for a given parity and stimulus. *p�0.05, stimulus difference for a given
parity and access.
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pup and food stimuli (i.e., 5P5F, 10P10F, 5P10F, 10P5F) and only
during unrestricted access did postpartum rats show altered time
allocation to stimuli. During unrestricted access under all depri-
vation conditions, postpartum dams spent increased time with
pups and decreased time with food compared with (1) the no
deprivation condition (0P0F, average across the 4 d), (2) the
restricted access to stimuli, and (3) each other. In the maximal
(i.e., 10P10F) pup and food deprivation condition, postpartum
dams had further decreases in time allocated to the side associ-
ated with the opened food box (Fig. 6). The restricted stimuli did
not generate unequal time allocation either before or after depri-
vation conditions or between the two stimuli.

Discussion
The present study demonstrates that pup
stimuli can elicit accumbal DA release in
hormonally primed rats without actual
pup interactions. Unlike nonprimed fe-
males, these hormonally primed DA re-
sponses were independent of the females’
previous pup experience, observed with
distal pup stimuli, and expressed in the
absence of maternal behavior. Relative to
DA patterns in untreated control females,
priming by parturition-like hormones
suppressed basal DA levels in the postpar-
tum or hormonally treated virgin animals.
As well, pup presentation results in large
DA increases relative to baseline. In gen-
eral, lower baseline concentrations were
associated with greater pup-evoked DA
responses. Hence, the hormonally in-

duced basal DA suppression may facilitate the DA responses to
pups. Although previous evidence suggests that DA responses
correlate with pup sniffing (Afonso et al., 2009) or pup licking
(Afonso et al., 2009, 2011), the present results indicate DA re-
sponses can occur independently of the animals’ prior maternal
experience or the exhibition of many of the maternal consumma-
tory behaviors (e.g., licking, retrieving).

The strong association between pups and pup-predicting cues
develops quickly during the early postpartum period under the
influence of hormones (Magnusson and Fleming, 1995; Lee et al.,
2000; Mattson et al., 2001; Seip and Morrell, 2007, 2009; Seip et
al., 2008; Pereira and Morrell, 2010). Primed females come to
prefer pups to many other stimuli, effects not seen in the inexpe-
rienced nonmaternal virgin animal (Fleming et al., 1980, 1989;
Fleming and Luebke, 1981; Fleming and Walsh, 1994;
Magnusson and Fleming, 1995; Lee et al., 2000; Mattson et al.,
2001; Afonso et al., 2009, 2011). A similar hormonally induced
preference can also be seen in the sexual context (Young et al.,
1935; Boling et al., 1938; Afonso and Pfaus, 2006) where female
rats tend to spend more time with, and bar press more frequently
for, sexually active males during proestrus than at other times in
the cycle (Bermant, 1961; Bolles et al., 1968). Following appro-
priate hormonal priming, the willingness of females to traverse
electric grids, learn to bar press, and develop a conditioned place
preference for appropriate reproductive stimuli (i.e., pups or
males) are mediated through dopaminergic ventral tegmental
area–NAC mechanisms (Berridge and Robinson, 1998; Everitt
and Robbins, 2005).

Maternal responsiveness in female rats is dependent on preg-
nancy/parturition hormones acting on the medial preoptic area
(Numan et al., 1977, 2006; Rosenblatt et al., 1998; Numan and
Insel, 2003). It is likely that through either glutamatergic or oxy-
tocinergic projections from the medial preoptic area/bNST to
mesolimbic DA neurons in the ventral tegmental area, lead to
facilitatory actions of the mesolimbic DA reward circuitry to en-
hance maternal behavior (Numan and Insel, 2003; Afonso et al.,
2009, 2011 Numan and Stolzenberg, 2009; Shahrokh et al., 2010).
Our data suggest that hormones not only facilitate actions of the
DA system to enhance maternal behavior in the experienced
mother, in the absence of pup experience these hormones may
ensure that maternal behavior develops. A dissociation between
postpartum and hormonally treated females emerged when basal
DA concentrations were partialled out of the stimulus-induced

Figure 4. For OVX sham-treated (n � 5) or hormone-treated (n � 7) female rats (Experiment 2), in vivo DA assessments before
and during restricted and unrestricted access to pup and food stimuli. A, Basal DA level data (mean � SEM) represent the average
DA concentration of 3 samples collected before any stimuli exposure. Hormone-treated females had decreased basal DA concen-
trations compared with their sham controls: ap � 0.05, treatment difference. B, After basal collection, the time course for in vivo
DA responses relative to basal DA concentrations (mean � SEM percentage of basal concentration) during restricted access to pups
and food (counterbalanced); and unrestricted access to pups, then food.

Figure 5. Treatment, stimulus, and access had selective effects on (A) DA that were unre-
lated to (B) behavior in the OVX female rat (Experiment 2). A, DA response data (mean � SEM)
represent average percentage of basal concentration. Hormone-treated females (n � 7) had
increased pup-evoked DA compared with the sham group (n � 5), regardless of access type;
however, this effect during unrestricted access was facilitated. During restriction, hormone-
treated females had increased pup-evoked compared with food- evoked DA; and during the
unrestricted phase, sham-treated females showed the reverse. Both treatment groups showed
increased DA responses to unrestricted food compared with restricted access. B, Time spent
(mean � SEM) in behaviors directed toward each of the restricted stimuli and during unre-
stricted pup access. Among hormone-treated females, but not among sham controls, the time
spent with unrestricted access to pups was significantly greater than the time spent with pups
in the box. ap � 0.05, treatment difference for pup stimuli during a given access. #p � 0.05,
access difference for a given treatment and stimulus. *p � 0.05, stimulus difference for a given
treatment and access.
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DA responses. Whereas covarying basal concentrations did not in-
fluence the statistical outcomes comparing parities on pup-evoked
DA responses, this analysis eliminated all significant differences be-
tween the hormonally treated and control OVX groups. The differ-
ence between postpartum and hormonally primed females most
likely was a result of actual pup experience differences between the
two conditions. Postpartum females had had 24–48 h of postpartu-
rition pup experience, whereas all other groups were pup-naive at
time of sampling. Thus, in addition to hormonal suppression of
basal DA levels, pup experience can modify DA signals to pups over
and above the hormonal effects on basal DA.

Hormonal effects on the DA reward system most likely in-
volve the ability of gonadal steroid hormones, especially estro-
gens, to alter the release and metabolism of biogenic amines
(DuPont et al., 1981; McEwen and Parsons, 1982; Thompson and
Moss, 1994; McEwen and Alves, 1999). For example, chronic
estrogen priming increases NAC D2 DA receptors, enhances
binding on D2 DA receptors and DA transporter density, all of
which could result in lower basal DA concentrations and an in-
crease in stimulus-evoked DA release and excitability of receptors
on DA terminals (Di Paolo et al., 1982a,b, 1986, 1988; Morissette
et al., 1992; Thompson and Moss, 1994; Becker, 1999; Lammers
et al., 1999; Zhou et al., 2002; Lonstein et al., 2003; Becker and Hu,
2008; Chavez et al., 2010). The synergistic effects of these multiple
dopaminergic adaptations after chronic estrogen likely influence
the pup-evoked DA responses by acting to suppress chronic basal
levels. Additionally, progesterone interacts with estradiol and
possibly affects parturitional DA mechanisms as it does within
other contexts (Russo et al., 2003).

Hormonally primed females will exhibit formerly unfamiliar
maternal activities quickly (Mayer and Rosenblatt, 1979, 1980;

Bridges, 1984; Stern and McDonald, 1989). For example, most
hormone-treated rats will approach and lick pups on their first
exposure to a litter and occasionally will retrieve a pup (Bridges,
1984; Afonso et al., 2009). In pup-naive cycling females and un-
treated OVX females given foster pups, these behaviors are rarely
observed. This sensitivity toward pups is observed during prefer-
ence tests (Afonso et al., 2009, 2011); females of varying hor-
monal states were given simultaneous access to pups and
unlimited food rewards in the dialysis chamber. Postpartum
dams and hormone-treated females with homecage pup experi-
ence (1 and 2– 6 d, respectively) ignored food entirely to interact
with pups. Pup-naive hormone-treated females alternated be-
tween eating and pup investigations. In contrast, nonhormonally
primed controls actively avoided the pups and remained at the
neighboring food dispenser, regardless of continuous homecage
experience with donor pups. These results are reminiscent of
other observations (Fleming et al., 1980, 1989; Fleming and
Luebke, 1981; Magnusson and Fleming, 1995; Afonso et al., 2009,
2011) showing that virgin animals initially withdraw from pups,
but with continuous pup exposure, approach behavior is ob-
served. Thus, hormones play an important role to influence pup-
biased behaviors, and pup experience under hormonal priming
can further modify these behavioral responses.

One prominent idea is that DA receptor activation in the NAC
constitutes an element of the neural computation of the “effort”
that is required to obtain reward (Montague et al., 2004;
Salamone et al., 2007; Floresco et al., 2008; Phillips et al., 2008).
Numerous studies show that in male rats reward-seeking tasks
requiring high degrees of effort are disrupted by reduced DA
function in the NAC, whereas similar tasks that require less effort
are much less affected (Cousins et al., 1996; Aberman and
Salamone, 1999; Salamone et al., 2007). Recently, it has been
shown that estradiol exerts modulatory control over cost– benefit
decision-making in females (Uban et al., 2012). OVX rats chose
to expend more effort for a larger reward, and this effect was
reversed by a single high dose of estradiol. These data suggest that
estradiol given intermittently appears to shift biases related to
decision-making.

During dialysis, both postpartum and hormone-treated fe-
males show a greater preference for pups (over food) under un-
restricted conditions. When tested in a larger arena, this
enhanced preference occurred regardless of the amount of pup or
food deprivation in postpartum dams. When both unrestricted
pup and food stimuli were given simultaneously, postpartum
females consumed the food rewards more quickly (data not
shown) after deprivation, resulting in increased time available to
spend with the pups. These results suggest that the food-related
side could no longer generate food-seeking behavior when per-
mitting active maternal responding, as time allocation is viewed
as a critical behavioral marker of reinforcement value (Gallistel
and Gibbon, 2000; Cousins et al., 2002). Preventing access to
pups appears to diminish the robust preference observed in post-
partum females. For example, placing a Plexiglas barrier to pre-
vent postpartum rats from touching or retrieving pups delivered
with each bar-press response extinguishes bar pressing in an op-
erant apparatus (Lee et al., 2000). Presently, despite the inability
to perform behavioral responses toward pups (e.g., licking, re-
trieval), a robust DA response was provoked by distal pup cues
after hormonal priming, even in the pup-naive females. This re-
sult contrasts with findings showing that restricting access to pal-
atable food in opaque boxes is ineffective at stimulating DA
responses in the NAC shell (present findings), even after food
deprivation (Bassareo and Di Chara, 1999a,b).

Figure 6. For recently postpartum female rats (n � 16), mean (�SEM) time spent on a
given side with simultaneous access to pups and food in a restricted and then unrestricted
manner (Experiment 3). Postpartum rats show altered time allocation to the stimuli only during
unrestricted access and after 5 or 10 h deprivation from pup (P) and food (F) stimuli (i.e., 5P5F,
10P10F, 5P10F, 10P5F). During unrestricted access, postpartum dams spent increased time
with pups and decreased time with food compared with: (1) the no deprivation condition (0P0F,
average across the 4 d), (2) the restricted access to stimuli, and (3) each other. When both pup
and food deprivations were maximal (i.e., 10P10F), postpartum dams had further decreases in
time spent on the side associated with unrestricted food stimuli. dp � 0.05, different from
other deprivation conditions during unrestricted access for a given stimulus. After deprivation:
#p � 0.05, access difference for a given stimulus; and *p � 0.05, unrestricted stimulus
difference.
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Together, our data demonstrate that, in hormonally primed
females, distal pup cues evoke DA responses without prior pup
experience, ongoing behavioral responses, or clear evidence that
pups have a priori or hormonally mediated salience. The results
suggest that NAC DA response reflects a state of responsiveness
related to basal DA suppression in the hormonally primed female
rat. Hormones associated with the early postpartum period in-
crease the capacity of pup properties to influence the DA system
and contribute to the development of initial appetitive responses
through heightened responsiveness of NAC DA. As a result of
reduced basal DA, a DA signal related to pup stimuli may be
sharpened, thereby enhancing the initial pup experience such
that saliency develops. Thus, hormones may bias the DA system
to respond to distal pups cues (olfactory, vocalization, move-
ment), providing a mechanism to promote maternal behavior.
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