The Journal of Neuroscience, April 28, 2004 « 24(17):4113-4123 - 4113

Behavioral/Systems/Cognitive

Variations in Nucleus Accumbens Dopamine Associated
with Individual Differences in Maternal Behavior in the Rat

Frances A. Champagne, Pablo Chretien, Carl W. Stevenson, Tie Yuan Zhang, Alain Gratton, and Michael J. Meaney
Developmental Neuroendocrinology Laboratory, Douglas Hospital Research Centre, McGill University, Montreal, Quebec H4H 1R3, Canada

Lactating rats exhibit stable individual differences in pup licking/grooming. We used in vivo voltammetry to monitor changes in extra-
cellular dopamine (DA) in the nucleus accumbens (n. Acc) shell of lactating rats interacting with pups and found that (1) the DA signal
increased significantly with pup licking/grooming; (2) the onset of such increases preceded pup licking/grooming; and (3) the magnitude
and duration of the increase in the DA signal were significantly correlated with the duration of the licking/grooming bout. In females
characterized on the basis of behavioral observations as high-licking/grooming mothers, the magnitude of the increase in the DA signal
associated with licking/grooming was significantly greater than in low-licking/grooming dams. Dopamine transporter binding in the n.
Acc was increased in low- compared with high-licking/grooming mothers. Injection of the selective DA uptake inhibitor GBR 12909
[1-(2-(Bis-(4-fluorophenyl)methoxy)ethyl)-4-(3 phenypropyl)piperazine dihydrochloride] (5 mg/kg, s.c.) increased the DA signal in the
n. Acc and pup licking/grooming in low-licking/grooming mothers to levels comparable with those observed in high-licking/grooming
dams. Receptor autoradiographic studies showed elevated levels of D, and D; receptors in the n. Acc shell region in high-licking/
grooming dams. These results suggest that high- and low-licking/grooming dams differ in mesolimbic dopaminergic activity associated
with mother-pup interactions. Such differences may serve as neural substrates for individual differences in the motivational component

of maternal behavior.
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Introduction

Variations in maternal behavior in the rat (Champagne et al,,
2003a) are directly related to the development in offspring of
individual differences in cognition (Liu et al., 2000), behavioral
and endocrine responses to stress (Liu et al., 1997; Caldji et al.,
1998), and maternal behavior (Francis et al., 1999; Champagne et
al., 2001). Maternal care, notably pup licking/grooming, can thus
serve as a mechanism for the transmission of individual differ-
ences in gene expression and behavior across generations (Fran-
cis et al., 1999; Caldji et al., 2003). Individual differences in pup
licking/grooming (LG) are associated with estrogen— oxytocin in-
teractions within brain regions implicated in the onset of mater-
nal behavior (Pedersen et al., 1994; Bridges, 1996; Numan and
Sheehan, 1997). Thus, lactating females that exhibit elevated lev-
els of pup LG (i.e., high-LG mothers) show increased expression
of estrogen receptor « and estrogen sensitivity in the medial pre-
optic area (MPOA; Champagne et al., 2003b), where estrogen
acts to increase oxytocin receptor binding (Caldwell et al., 1994).
Thus, high-LG mothers show increased oxytocin receptor bind-
ing (Francis et al., 2000; Champagne et al., 2001).
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Mesolimbic dopamine (DA) is a potential downstream target
for oxytocinergic regulation and is implicated in the expression of
maternal behavior. Oxytocin neurons within the MPOA appear
to project directly to the ventral tegmental area (VTA; Numan
and Sheehan, 1997), and oxytocin regulates dopamine-mediated
behavioral effects of psychostimulants (Sarnyai et al., 1992). Ad-
ministration of an oxytocin receptor antagonist into the VTA
impairs maternal behavior (Pedersen et al., 1994), and oxytocin
stimulates dopamine release in some cell groups (Yuan and Pan,
1996), although this has not yet been directly assessed at the level
of the VTA. In microdialysis studies, presentation of pups to a
lactating dam increases extracellular DA levels (Hansen et al.,
1993) and cFos expression in the nucleus accumbens (n. Acc;
Fleming et al., 1994). Dopamine-depleting 6-OHDA lesions of
the n. Acc or the DA cell bodies in the VTA significantly disrupt
maternal behavior (Hansen et al., 1991; Hansen, 1994). Infusions
of D, and D, receptor antagonists into the n. Acc reduces pup
retrieval and LG (Giordano et al., 1990; Hansen et al., 1991; Stern
and Taylor, 1991; Keer and Stern, 1999). Interestingly, the n. Acc
is broadly implicated in the processes of incentive motivation and
mediates appetitive behaviors toward a wide range of “natural”
reinforcers (Mitchell and Gratton, 1992; Robbins and Everitt,
1996; Ikemoto and Panksepp, 1999).

Pharmacological, lesion, and targeted gene knockout manip-
ulations have been implemented to elucidate the mechanisms
underlying maternal behavior. However, individual differences
in maternal care can also be quantified and associated with vari-
ations in receptor, hormone, and neurotransmitter levels in rel-
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evant brain regions. This approach provides a powerful model for
establishing the mechanisms that regulate behavior within the
normal range observed in a species. We used in vivo voltammetry
to examine DA release in the n. Acc shell of freely moving, lactat-
ing low- and high-LG dams interacting with their pups as well as
in vitro receptor autoradiography to examine dopamine receptor
systems. The results suggest that individual differences in mater-
nal licking/grooming are directly related to variations in the mag-
nitude of the DA signal at the level of the n. Acc.

Materials and Methods

Subjects. The animals used in these studies were outbred Long—Evans
hooded rats born in our colony and housed in 46 X 18 X 30 cm Plexiglas
cages that permitted a clear view of all activity within the cage. Food and
water were provided ad libitum. The colony was maintained on a 12 hr
light/dark schedule with lights on at 8 A.M.. The animals underwent
routine cage maintenance beginning on day 8 of life but were otherwise
unmanipulated. All procedures were performed according to guidelines
developed by the Canadian Council on Animal Care and protocols ap-
proved by the McGill University Animal Care Committee. At the time of
weaning on day 22 of life, the females were housed in same-sex, same-
litter groups of two animals per cage. After mating and throughout lac-
tation, adult females were housed singly.

Maternal behavior. Maternal behavior was observed for six 75 min
observation periods daily for the first 6 d postpartum by individuals
trained to a high level of inter-rater reliability (i.e., >0.90). Observations
occurred at three periods during the light (1 A.M. and 1 and 5 P.M.) and
two during the dark (6 A.M. and 9 P.M.) phases of the light/dark cycle.
Within each observation period, the behavior of each mother was scored
every 3 min (25 observations/period X five periods per day = 125 obser-
vations per mother per day) for the following behaviors: mother oft pups,
mother carrying pup, mother licking and grooming any pup, mother
nursing pups in either an arched back posture, a “blanket” posture in
which the mother lies over the pups, or a passive posture in which the
mother is lying either on her back or side while the pups nurse. A detailed
description of these behaviors is provided in Myers et al. (1989) (Cham-
pagne et al., 2003a).

In vivo electrochemical recordings: electrochemical probes. The voltam-
metric electrodes each consisted of a bundle of three 30-um-diameter
carbon fibers (Textron Systems, Wilmington, MA) that extended 50—-100
um beyond the sealed tip of a pulled glass capillary (outer diameter, 0.5
mm). The exposed fibers were repeatedly coated (~8-10 coats) with a
5% solution of Nafion (Aldrich, Milwaukee, WI), a perfluorinated iono-
mer that promotes the exchange of cations such as DA but impedes the
exchange of interfering anionic species such as ascorbic acid (AA) and
3,4-dihydroxyphenylacetic acid (DOPAC). Each electrode was calibrated
before implantation to determine its sensitivity to DA and its selectivity
for DA compared with AA. Calibrations were performed in 0.1 m PBS,
pH 7.4, that contained 250 um AA to mimic brain extracellular condi-
tions. Only electrodes with a highly linear response (r = 0.997) to in-
creasing concentrations of DA and a nominal DA-to-AA selectivity ratio
of >1000:1 were used. Electrodes used in the present study had a mean =
SEM DA-to-AA selectivity ratio of 1619:1 = 133:1. Equally important, we
have shown previously that these Nafion-coated carbon fiber electrodes
will retain their sensitivity for DA and their selectivity for DA against AA
(and DOPAC) for several days after implantation (Doherty and Gratton,
1997).

Probe implantation. Lactating females were removed from their home
cages the day after parturition and prepared for surgery. Pups remained
in the home cage under a heat lamp for the duration of the surgery (1 hr)
and recovery period (3 hr). The animals were pretreated with atropine
sulfate (0.6 mg/kg, i.p.) to reduce bronchial secretions, anesthetized with
sodium pentobarbital (60 mg/kg, i.p.), and placed in a stereotaxic appa-
ratus with the incisor bar adjusted to maintain the skull between bregma
and lambda horizontal. Electrochemical probes were lowered into the
nucleus accumbens shell (Paxinos and Watson, 1986; coordinates: 1.6
mm anterior to bregma, 0.7 mm lateral to the midline, and 7.4 mm
ventral to the surface of the cortex). Animals were also each implanted
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with a Ag/AgCl reference electrode and a stainless steel ground wire in the
contralateral and ipsilateral parietal cortices, respectively. Miniature pin
connectors soldered to the voltammetric and reference electrodes and
ground wire were inserted into a Carleton connector (Ginder Scientific,
Ottawa, Ontario, Canada). The assembly was then secured with acrylic
dental cement to four stainless steel screws threaded into the cranium.
After a 3 hr recovery period, females were returned to their home cages
and observed to be alert and to engage in full maternal behavior toward
pups (i.e., retrieve pups and initiate a nursing bout).

Electrochemical measurements. Electrochemical recordings were per-
formed using a computer-controlled, high-speed chronoamperometric
apparatus (Quanteon, Lexington, KY). An oxidation potential of +0.55
mV (with respect to the reference electrode) was applied to the electrode
for 100 msec at a rate of 5 Hz. The oxidation current was digitally inte-
grated during the last 80 msec of each pulse. The sums of every 10 digi-
tized oxidative cycles of the chronoamperometric waveform were auto-
matically converted into equivalent values of DA concentration using the
in vitro calibration factor. Values were displayed graphically on a video
monitor at 2 sec intervals. The reduction current generated when the
potential was returned to resting level (0.0 V for 100 msec) was digitized
and summed in the same manner and served as an index to identify the
main electroactive species contributing to the stress-induced increases in
electrochemical signals. With Nafion-coated electrodes and a sampling
rate of 5 Hz, the magnitude of the increase in reduction current elicited
by an elevation in DA concentration is typically 60—80% of the corre-
sponding increase in oxidation current [reduction-to-oxidation ratio
(red:ox), 0.6—0.8 (Gerhardt et al., 1984, 1989; Gratton et al., 1989;
Mitchell and Gratton, 1991, 1992; Pentney and Gratton, 1991; Doherty
and Gratton, 1992)]. Previous work also indicates that the oxidation of
AA is virtually irreversible (red:ox, 0—0.1), whereas that of DOPAC is
almost entirely reversible (red:ox, 1.0); the reduction-to-oxidation ratios
for norepinephrine and serotonin (5-HT) are 0.4-0.5 and 0.1-0.3,
respectively.

Testing procedure. Electrochemical recordings began 2 d after surgery.
Immediately before each recording session, the in vitro calibration factor
for the animal’s electrode (the slope of the function relating increases in
oxidation current to increases in DA concentration) was entered in the
data acquisition software. Dams were placed in a sound-attenuating re-
cording chamber containing bedding material and connected to the
chronoamperometric instrument by a shielded cable and a low-
impedance commutator (Airflyte, Bayonne, NJ). A preamplifier config-
ured as a current-to-voltage converter (gain, 1 X 10®) was connected
directly onto the animal’s head assembly to minimize electrical interfer-
ence. Once the dams were connected to the chronoamperometric instru-
ment, the pups were introduced into the recording chamber, and elec-
trochemical recordings were allowed to stabilize for 60 min, after which
monitoring of mother—pup interactions began. Maternal behaviors were
monitored continuously for 4—6 hr on postpartum days 4 and 5 by a
trained observer who noted the onset and duration of all behaviors on an
observation record form. The time of onset of each behavior, particularly
an LG bout, was also noted to correlate the behavior with the electro-
chemical signal record. An LG bout was defined as a continuous period of
licking/grooming that was not interrupted by a pause of >5 sec in
duration.

The changes in DA signal associated with bouts of LG were characterized
pharmacologically in a small group of high- and low-LG dams (1 = 3 per
group). These animals were prepared for electrochemical recordings as de-
scribed above. The dams were placed in the recording chamber followed by
the pups, and the electrochemical recordings were allowed to stabilize for
2 hr. One hour into the stabilization period, dams were injected with either a
selective DA uptake inhibitor [1-(2-(Bis-(4-fluorophenyl)methoxy)ethyl)-
4-(3 phenylpropyl)piperazine dihydrochloride (GBR 12909); 5 mg/kg, s.c.],
oraD, and D, receptor agonist (quinpirole, 0.5 mg/kg, s.c.) or an equivalent
volume of vehicle (saline, 1 ml/kg, s.c.). Doses of GRB 12909 and quiniprole
were selected on the basis of previous reports indicating that these doses were
capable of enhancing and inhibiting, respectively, central dopaminergic ac-
tivity using in vivo voltammetry (Doherty and Gratton, 1997, 1999). Starting
1 hr after injection, maternal behaviors and changes in DA signal were mon-
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itored continuously for 2 hr. Each dam received the three drug treatments in
different orders on consecutive test days.

Histology. At the conclusion of the experiment, animals were deeply
anesthetized with sodium pentobarbital (75 mg/kg, i.p.) and transcardi-
ally perfused with 0.9% saline followed by 10% formalin. The brains were
stored in 10% formalin and subsequently cryoprotected in a 30%
sucrose-formalin solution before being sliced. Electrode placements were
confirmed from 40 wm thionin-stained coronal sections.

Electrochemical data. Because of the inherent differences in the sensi-
tivity of Nafion-coated electrodes, the changes in oxidation current re-
corded with different electrodes (i.e., in different animals) cannot be
assumed to be equivalent. Thus, valid comparisons are possible only if
the sensitivity of each electrode is calibrated against a standard and the
electrochemical data are expressed as standard equivalent values. Be-
cause DA was used as the standard to calibrate electrode sensitivity, in
vivo changes in oxidation current are expressed as nanomolar equivalent
values of DA concentration. Data are presented as changes in electro-
chemical signal (nanomolar DA equivalent) relative to the signal level 60
min after dams were placed in the recording chamber. The electrochem-
ical signal level at this time is referred to as “baseline” and was given a
value of 0 nm. Therefore, a value of 0 nM is not meant to correspond to the
absolute concentration of extracellular DA; rather, the electrochemical
data reflect relative changes in DA signal associated with bouts of licking/
grooming. Group comparisons are based on the peak DA signal increases
during each LG bout as well as on the DA signal amplitude taken at the
onset and the end of each bout of LG.

Receptor binding assays. Lactating high- and low-LG females were
killed through rapid decapitation on postpartum day 6. Brains were ex-
tracted, placed briefly in isopentane, and kept at —80°C until processed.
Brains were sectioned in the coronal plane at 16 wm, and sections were
thaw-mounted onto poly-L-lysine-coated slides that were stored at
—80°C until the assay was performed.

D, receptor binding. Coronal, slide-mounted sections were placed in
preincubation buffer (120 mm NaCl, 5 mm KCl, 0.1% ascorbic acid, and 50
mu Tris-HCL, pH 7.4) for 20 min at room temperature and then incubated
for 60 min at room temperature with 2 nm [*H](R)-(+)-7-chloro-8-
hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydro-
chloride (SCH23390) (80 Ci/mmol; NEN Boston MA) in 120 mMm NaCl,
5 mm KCl, 0.1% asorbic acid, and 50 mm Tris-HCI (pH 7.4). Ketanserine
(30 mm) was added to the buffer to block 5-HT2 receptors. Non-specific
binding was determined by adding 1 um butaclamol. Sections were washed
in ice cold buffer (3 X 5 min), distilled H,O (3 X 5 min), slides were left to
dry overnight and then exposed to Biomax film for 6 weeks.

D, receptor binding. Coronal, slide-mounted sections were placed in
pre-incubation buffer (120 mm NaCl, 5 mm KCl, 0.1% asorbic acid, 50
mw Tris-HCI (pH 7.4)) for 20 min at RT and then incubated for 60 min
at RT with 5.7 nm [ *H]Raclopride (80 Ci/mmol; PerkinElmer Life Sci-
ences, Norwalk, CT) in 120 mMm NaCl, 5 mm KCl, 0.1% asorbic acid, and
50 mm Tris-HCl, pH 7.4. Nonspecific binding was determined by adding
1 uM butaclamol. Sections were washed in ice-cold buffer (three times for
5 min) and distilled H,O (three times for 5 min), and slides were left to
dry overnight and then exposed to Biomax film for 3 weeks.

D; receptor binding. Coronal slide-mounted sections were placed in
preincubation buffer (120 mm NaCl, 0.1% asorbic acid, 300 um GTP, and
50 mm Tris-HCI, pH 7.4) for 30 min at room temperature and then
incubated for 120 min at room temperature with 2 nm [ *H]7-hydroxy-
N,N-di-n-propyl-2-aminotetralin (150 Ci/mmol; PerkinElmer Life Sci-
ences) in 120 mm NaCl, 0.1% asorbic acid, 300 um GTP, and 50 mMm
Tris-HCL, pH 7.4. 1,3-Di-o-tolylguanidine (5 um) was added to the in-
cubation buffer to block o sites. Nonspecific binding was determined by
adding 1 um dopamine. Sections were washed in ice-cold Tris-HCI, pH
7.4 (two times for 10 min) and distilled H,O (two times for 5 min), and
slides were left to dry overnight and then exposed to Biomax film for 10
weeks.

Dopamine transporter binding. Coronal slide-mounted sections were
placed in preincubation buffer (120 mm NaCl and 50 mm Tris-HCI, pH
7.4) for 20 min at room temperature and then incubated for 60 min at
room temperature with 10 nm [ *H] 1-(2-Diphenylmethoxyethyl)-4-(3-
phenylpropyl)piperazine dihydrochloride (GBR 12935) (40 Ci/mmol;
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PerkinElmer Life Sciences) in 120 mm NaCl and 50 mm Tris-HCI, pH 7.4.
Nonspecific binding was determined by adding 1 pum N-[1-(2-
benzo[b]thiophenyl)cyclohexyl]piperidine. Sections were washed in ice
cold Tris-HCI, pH 7.4 (four times for 5 min) and distilled H,O (two
times for 5 min), and slides were left to dry overnight and then exposed to
Biomax film for 4 weeks.

Results

Characterization of low- and high-LG dams

The frequency of maternal LG across a large (n = 100-200)
number of mothers is normally distributed (Champagne et al.,
2003a). Hence, high- and low-LG mothers represent two ends of
a continuum rather than distinct populations. To define these
populations for the current studies, we observed the maternal
behavior in cohorts of mothers, ranging from 30 to 40 dams with
their pups, and devised the group mean and SD for each behavior
over the first 6 d of life as previously described (Champagne et al.,
2003a). High-LG mothers were defined as females whose fre-
quency scores for LG were >1 SD above the mean. Low-LG
mothers were defined as females whose frequency scores for were
>1 SD below the mean. The mean * SEM licking/grooming
score for the low-LG dams used in these studies was 7.4 = 0.2%,
and for high-LG dams it was 14.7 & 0.4%. These statistics corre-
spond closely to those obtained with larger populations (Cham-
pagne et al., 2003a). Licking/grooming behavior has been shown
to be a highly stable trait in lactating rats (Champagne et al.,
2003a). As such, these characterized females were remated and
classified as high- or low-LG on the basis of their behavior to their
previous litter.

Low- and high-LG lactating females (n = 8 per group) were
implanted with voltammetric probes on day 1 postpartum. Four
animals (two from each group) were excluded from the analysis
because the chronamperometric recordings indicated that the
probes were not functioning properly. The remaining six low-
and six high-LG dams were included in the behavioral and elec-
trochemical analysis. Approximately 6 hr of chronoamperomet-
ric recording and behavioral observation were conducted for
each animal.

Licking/grooming behavior

During the observation sessions (6 hr/dam), a total of 47 licking/
grooming bouts were observed. A “bout” represented a relatively
continuous period of pup licking/grooming. The duration and
frequency of LG bouts differed significantly between high- and
low-LG dams (Fig. 1). Overall, 29 bouts were observed in
high-LG females (mean, 5.6 = 1.0 bouts per female), and 18
bouts were observed in the low-LG females (mean, 2.4 *= 0.5
bouts per female). The durations of LG bouts ranged from 50 sec
to 15 min in high-LG dams (mean, 6.1 = 0.9 min/dam) and 50 sec
to 5 min in low-LG dams (mean, 2.3 = 0.5 min/dam). High- and
low-LG dams differed both in the number of LG bouts [#,o, =
2.8; p < 0.05] and the duration of observed LG bouts [t,,, = 3.9;
p<0.01].

Licking/grooming-associated changes in DA signal in low-
and high-LG dams

The location of the electrode placement for the dams used in the
voltammetry studies is presented in Figure 2. Only animals with
histologically confirmed electrode placement in the n. Acc shell
were included in the data analysis (n = 6 per group). Chrono-
amperometic recordings were analyzed for all 47 LG bouts ob-
served. Representative examples of the changes in DA signals
recorded during bouts of LG are shown in Figure 3A. Typically,
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Figure 1.  Mean = SEM number of LG bouts (A) and duration (in minutes) of LG bouts ( B)

observed during the 6 hr testing sessions with high- and low-LG dams. High-LG dams engaged
in more LG bouts ( p < 0.05) and longer-duration LG bouts ( p << 0.01) compared with low-LG
dams.

Figure 2.  Schematic illustration of the sites of electrochemical probe placement of the six
high- and six low-LG dams included in the electrochemical and behavioral analysis. All animals
included in the analysis had confirmed probe placement in the nucleus accumbens shell.

an increase in signal was observed while the dam was in a nursing
posture and just before the onset of the bout of LG. The DA signal
continued to increase after the onset of the licking/grooming
bout, remained elevated for a varying period (which was highly
correlated with the duration of the bout; see below), and then
decreased before the termination of the LG bout. What is impor-
tant to note is that the increase in the DA signal preceded the
onset of the LG bout. The average number of seconds between the
onset of the rise in dopamine and the onset of licking/grooming
was 37.4 = 7.0 sec, ranging from 5 to 230 sec.

For purposes of statistical comparisons, the amplitude of DA
signal increases were determined at (1) the onset of an LG bout,
(2) during the LG bout (the peak increase in DA during the bout),
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Figure3. A, Representative illustrations of the change in nanomolar DA equivalent signal in
the nucleus accumbens shell of high- and low-LG dams during bouts of licking/grooming. The
gray bar indicates the duration of the LG bout (in minutes). 8, Mean = SEM increase in nano-
molar DA equivalent signal associated with licking/grooming bouts in high- and low-LG dams.
High-LG dams had higher increases in DA signal at the start of the LG bout ( p << 0.05), and peak
increases during the bout were also elevated in high-LG compared with low-LG dams (p <
0.01). No group differences in DA signal were observed at the end of the LG bout or 30 sec after
the termination of the LG bout.

(3) at the end of the LG bout, and (4) 30 sec after the LG bout (Fig.
3B). Repeated measures ANOVA of the averaged amplitude of
DA signal increases at these time points revealed a main effect of
maternal LG status [F; ;o) = 6.91; p < 0.05], a main effect of time
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Figure4. A Mean = SEM duration (in minutes) of the increase in nanomolar DA equivalent
signal during LG bouts in high- and low-LG dams. The duration of increase in DA signal was
significantly longer in high-LG compared with low-LG dams ( p << 0.05). B, Scattergram illus-
trating the correlation between duration of LG boutand duration of the corresponding increases
in DA signal. A highly significant positive correlation was found between the duration of LG and
the duration of the DA increase (r = 0.98; p << 0.001).

[F350) = 13.7; p < 0.001], and a significant LG status X time
interaction [F; 50y = 3.5; p < 0.05]. Post hoc analyses (Tukey’s
honestly significant difference) indicated that the amplitude of
signal increases recorded at the onset of LG bouts was signifi-
cantly greater in high-LG dams than in low-LG dams ( p < 0.05).
This was true also of the peak DA signal increases recorded during
bouts of LG ( p < 0.01). No group differences in DA signal level
were observed at the end of the bout or 30 sec after the bout.

Duration of DA signal increases in relation to LG

bout duration

The duration of the increase in DA signal associated with LG was
also compared between low- and high-LG dams. Analysis indi-
cated that the duration of the increase in the DA signal was sig-
nificantly longer in high-LG dams (mean. 5.6 = 1.2 min/dam)
compared with low-LG dams (mean, 2.7 = 0.5 min/dam) during
licking/grooming bouts [£(,5, = 2.14; p < 0.05; Figure 4A]. Cor-
relation analysis between duration of DA signal increase and du-
ration of the licking/grooming bout indicated a highly significant
linear correlation (r = 0.98; p < 0.001), which was present in
both high-LG dams (r = 0.99; p < 0.001) and low-LG dams (r =
0.86; p < 0.001; Fig. 4B).

Magnitude of DA signal increases in relation to LG

bout duration

We also examined the relation between the duration of individual
bouts of LG and the magnitude of DA signal increase recorded in
n. Acc. All 47 bouts were included in the analysis. Pearson anal-
ysis indicated a significant positive correlation coefficient be-
tween the duration (minutes) of LG bouts and both the magni-
tude of DA signal increases at the onset of LG (r = 0.53; p <
0.001) and the peak signal increases during LG bouts (r = 0.80;
p < 0.001; Fig. 5). Peak DA signal was correlated with LG bout
duration in both high-LG (r = 0.80; p < 0.001) and low-LG (r =
0.41; p < 0.05) mothers.

Pharmacological characterization of LG-associated changes
in DA signal

During the observation sessions after drug administration, it be-
came apparent that the quinpirole treatment was having a dra-
matic behavioral effect on the females. Quinpirole-treated dams
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Figure 5.  Scattergram illustrating the correlation between duration (in minutes) of a lick-
ing/grooming bout and the magnitude of the peak change in nanomolar DA equivalent signal
associated with the bout (r = 0.80; p < 0.001).
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Figure 6. A, Mean = SEM time (in minutes) spent licking/grooming by high- and low-LG
dams (n = 3 per group) given subcutaneous injection of saline or GBR 12909 (5 mg/kg). GBR
12909 abolished group differences in licking/grooming. Treatment with GBR 12909 resulted in
increased LG in low-LG dams ( p << 0.01). B, Mean == SEM change in nanomolar DA equivalent
signal in the n. Acc of high- and low-LG dams during LG bouts after drug or saline treatment.
Injection of GBR 12909 1 hr before the observation session resulted in an increase in DA signal
( p < 0.05) compared with saline treatment.

displayed pronounced behavioral impairments, failing to build a
nest, retrieve pups, and assume a nursing posture over the pups,
thus precluding the possibility of observing LG-associated
changes in the DA signal. As such, the behavioral analysis was
limited to the saline and GBR 12909 treatment sessions (Fig. 6).

Statistical analysis (ANOVA) of frequency of licking/groom-
ing during the postinjection observation session indicated a sig-
nificant group X treatment interaction [F(, z) = 6.01; p < 0.05].
This effect was independent of the order in which the drugs were
administered. Post hoc analysis revealed that high-LG dams en-
gaged in more LG compared with low-LG dams after saline in-
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jection ( p < 0.05); however, GBR 12909 abolished this group
difference. Post hoc analyses indicated that, relative to the vehicle
control, GBR 12909 enhanced LG in low-LG females ( p < 0.01).
The DA signal associated with these licking/grooming bouts also
differed as a function of treatment. Two-way ANOVA of peak
dopamine release during the LG bouts observed indicated a sig-
nificant group X treatment interaction [F(, ;5 = 5.5; p < 0.05].
The peak DA signal associated with LG bouts was higher in
high-LG compared with low-LG dams after saline injection ( p <
0.05); however, as with the behavioral difference, GBR 12909
abolished this group difference. Relative to the vehicle control,
GBR 12909 increased the DA signal in low-LG females (p <
0.05).

Previous studies (Hansen et al., 1993) showed that mother—
pup separation and reunion are associated with an increased do-
pamine signal in the n. Acc. This procedure thus provided a
method for illustrating that the electrochemical signal measured
by our voltammetric probes could be dampened or enhanced
with appropriate pharmacological manipulations and thus pro-
vided a validation of the dopamine recording. In this way, we
were not dependent on the natural occurrence of licking/groom-
ing behavior to make this determination. Pups were removed
from the testing apparatus and placed in a standard cage contain-
ing bedding material for 1 min at room temperature and then
returned to the testing apparatus. Pups were placed in a pile
outside the nest when they were returned to the apparatus.
Saline-treated females, both high- and low-LG, approached pups
when they were returned to the apparatus, sniffed the pups, and
then began retrieving the pups and placing them in the nest
within the 2 min period after return of the pups. Quinpirole-
treated females also approached and sniffed the pups within the 2
min period after the pups were returned but did not proceed to
retrieve the pups to the nest. GBR-treated females, like saline-
treated females, proceeded to sniff and retrieve the pups when
they were returned to the apparatus. Both GBR- and saline-
treated females were observed to lick pups and assume a nursing
posture over them within the 10 min period after the 1 min
separation, whereas in the quinpirole-treated females, no licking/
grooming of pups was observed, and females did not crouch over
pups. As can be seen in Figure 7, A and B, this simple manipula-
tion elicited reproducible DA signal increases in both high- and
low-LG nontreated dams, the peak amplitude of which was
greater in the high-LG mothers. Figure 8 summarizes the effects
of GBR 12909 and quinpirole on the DA signal associated with
brief mother—pup separation. Statistical analysis revealed a main
effect of treatment on DA signal in the n. Acc [F(, 5, = 131.9;p <
0.001]. Post hoc analysis indicated that, in both high- and low-LG
dams, GBR 12909 significantly potentiated the peak DA signal
increases that occurred after the removal of pups (p < 0.05),
whereas quinpirole produced the opposite effect (p < 0.05).
Representative examples of the changes in the DA signal observed
during mother—pup separation and reunion after the different
drug treatment conditions are presented in Figure 8. The results
obtained with GBR12909 and quinpirole provide further confir-
mation that the increases in electrochemical signals reported here
are attributable primarily to elevations in extracellular DA levels.
The potentiating effect of GBR 12909, a selective DA uptake
blocker (Andersen, 1989), is consistent with those reported pre-
viously (Doherty and Gratton, 1996), as well as with evidence
from other sources showing that DA release in n. Acc is subject to
high-affinity reuptake via the DA transporter (Cass and Ger-
hardt, 1995). Quinpirole, a D, and D receptor agonist, potently
attenuated DA signal increases associated with the removal and
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Figure 7.  Changes in nanomolar DA equivalent signal in a high-LG dam and a low-LG dam
(nontreated) associated with the brief (1 min) removal of pups from the testing apparatus. The
first arrow (open bar) indicates the time of removal of pups, and the second arrow (filled bar)
indicates the time of return of pups to the testing apparatus.

handling of pups. At the low dose used here, this effect of quin-
pirole is most likely attributable to the preferential activation of
terminal and somatodendritic autoreceptors, which provide neg-
ative feedback control over DA release and DA cell firing (Gallo-
way et al., 1986; Talmaciu et al,, 1986; Starke et al., 1989;
Moghaddam and Bunney, 1990).

Dopamine receptor and dopamine transporter binding in the
nucleus accumbens

Dopamine receptor binding (D,—D;) was measured in both the
shell and core regions of the n. Acc of lactating day 6 postpartum
low- and high-LG dams (n = 5 per group; Fig. 9). Two-way
ANOVA (region X group) of D, receptor binding indicated a
main effect of group [F(, 5y = 16.65; p < 0.05]. Analysis of D,
receptor binding indicated a main effect of region [F, ) = 16.65;
p <<0.001], a main effect of group [F, 5 = 15.78; p < 0.001], and
a significant group X region interaction [F(, 4 = 13.242; p <
0.01]. Post hoc analyses indicated that high-LG dams showed
higher levels of D; (p < 0.05) and D; (p < 0.001) receptor
binding in the n. Acc shell compared with low-LG dams. No
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group differences were found in D,-D; binding in the n. Acc
core, and no group differences were found in D, binding in the n.
Acc shell region.

DA transporter (DAT) binding was compared in both the n.
Acc shell and core of the same low and high-LG dams included in
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Figure 9. Mean = SEM DA receptor binding (femtomoles per milligram) in the nucleus

accumbens core (A) and shell (B) of high- and low-LG lactating dams. D, ( p < 0.05) and D,
(p < 0.001) receptor binding was elevated in the n. Acc shell of high- compared with low-LG
dams. No group differences were found in DA receptor binding in the n. Acc core region. Overall,
D; receptor binding was elevated in the shell compared with the core ( p << 0.001).

the receptor binding analyses. Two-way (group X region)
ANOVA indicated a main effect of group [F, ;) = 9.35; p <
0.01] and a significant group X region interaction [F, ;;) = 5.3;
p < 0.05]. Post hoc analyses indicated that lactating low-LG dams
had higher levels of DA transporter in the n. Acc shell compared
with high-LG dams ( p < 0.01). No significant group differences
were found in the n. Acc core region. Representative photomi-
crographs of D;—D; and DAT binding are presented in Figure 10.

Discussion
Differences in maternal LG were reflected in the magnitude and
duration of increases in DA signal at the level of the n. Acc. Maternal
LG of pups is associated with an increased DA signal in the n. Acc
shell; this increase precedes the onset of LG, and both the duration
and the magnitude of the increase in the DA signal in the n. Acc shell
predict the duration of LG bouts. The DA signal in the n. Acc was
significantly elevated immediately before and during an LG bout in
high- compared with low-LG mothers.

Mother—pup interactions in the rat are associated with in-
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Figure10.  Representative photomicrographs of DA receptor and transporter binding in the

nucleus accumbens of high- and low-LG lactating dams.

creases in cFos-positive cells in the VTA (Lin et al., 1998) and n.
Acc (Lonstein et al., 1998). Electrolytic (Galfori and Le Moal,
1979; Numan and Smith, 1984) or 6-hydroxydopamine (Hansen
etal., 1991, 1993) lesions of the VTA or the n. Acc greatly disrupt
maternal behavior. Infusion of the mixed D,-D, receptor antag-
onist flupenthixol into the n. Acc significantly reduces pup LG
(Keer and Stern, 1999).

We confirmed previous findings (Hansen et al., 1993) of in-
creased accumbens DA levels during periods of mother—pup in-
teractions using microdialysis and sampling over an entire nest
bout (i.e., 20 min). The advantage conferred by chronoampero-
metric recording is the temporal resolution with sampling every 2
sec. With this level of resolution, it was possible to demonstrate
that increases in DA release precede the onset of LG bouts (Fig. 3).
This finding is consistent with previous work using chrono-
amperometric recording to measure DA activity elicited by food
reinforcement (Kiyatkin and Gratton, 1994; Richardson and
Gratton, 1996). Rats trained to lever press for food show increases
in n. Acc DA before food delivery. These findings suggest that
increases in n. Acc DA activity precede the consummatory phase
of the behavior and are part of the incentive phase of reward-
mediated behaviors. The mesolimbic DA system, including the
VTA-to-n. Acc projection, is known to mediate the influence of
incentive motivational states on behavior (Robbins and Everitt,
1996), including responses to naturally rewarding stimuli such as
food (Kiyatkin and Gratton, 1994; Richardson and Gratton,
1996) and sexual partners (Mitchell and Gratton, 1992). Pups are
a strong appetitive stimulus for the lactating rat. Postpartum fe-
males will lever press to obtain access to pups, and this response is
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decreased significantly with lesions to either the MPOA or the n.
Acc (Lee et al., 2002).

The increased DA signal associated with pup handling and
removal from the nest is consistent with previous studies using
this manipulation (although typically longer in duration) to re-
instate maternal behavior (Hansen, 1994). This procedure was
associated with DA signal in the n. Acc shell comparable in mag-
nitude with that associated with longer bouts of LG (Figs. 3, 7).
The neonatal handling paradigm, in which a brief period (i.e.,
5-15 min) of mother—pup separation is repeated over several
consecutive days (Levine, 1957; Denenberg and Karas, 1959), is
associated with dramatic increases in pup LG (Lee and Williams,
1974; Liu et al., 1997). Note, however, that the brief separation is
associated with handling of the pups, among other disruptions,
and the procedures here are not sufficient to determine the pre-
cise stimulus conditions that increase the DA signal. Neverthe-
less, the brief separation used here is typical of pup handling
manipulations; thus, it is tempting to speculate that the increased
DA levels associated with mother—pup separation and reunion
mediate the dramatic increase in pup-directed behavior. Interest-
ingly, mild tail shock produces a substantial increase in DA levels
in the n. Acc shell (Di Chiara et al., 1999) and stimulates maternal
behavior in the rat in a “dose-dependent” manner (Szechtman et
al. 1977). The n. Acc. is reciprocally connected with many regions
that are known to be directly involved in maternal behavior, in-
cluding the preoptic area, bed nucleus of the stria terminalis, and
periaqueductal gray (Lonstein and Stern, 1997; Numan and
Sheehan, 1997). The n. Acc. also projects to the ventral pallidum,
which is crucial for multiple oral behaviors, and dopamine recep-
tor blockade in the n. Acc. significantly reduces pup licking/
grooming (Keer and Stern, 1999; Stern and Lonstein, 2001).

Individual differences in maternal LG were associated with
differences in DAT binding in the n. Acc shell. The DAT is a
reuptake site that serves as a major source of clearance for DA
from the synapse in the n. Acc (Wightman et al., 1988; Cass et al.,
1993; Zahniser et al., 1999). Increased levels of DAT are com-
monly associated with reduced extracellular DA levels in the n.
Acc (Baumann et al., 2002). Blockade of the DAT site with GBR
12909, a highly selective DAT blocker (Andersen, 1989), resulted
in an increase in DA signal in the n. Acc and an enhanced level of
pup LG in the low-LG mothers (Fig. 6). After the brief removal of
pups, GBR 12909 eliminated the differences in the DA signal
between high- and low-LG mothers (Fig. 8). These findings sug-
gest that the increased DAT levels in the n. Acc shell could serve as
amechanism for the differences in the DA signal in the n. Acc and
maternal behavior between high- and low-LG mothers.

The differences in the DA signal in the n. Acc shell between
high- and low-LG dams were also associated with differences in
relevant receptor sites. Both D, and D, receptors in the n. Acc
shell are associated with appetitive responses (Wolterink et al.,
1993; TIkemoto et al., 1997) and subject to variation with changes
in reproductive state (Bakowska and Morrell, 1995). The D, an-
tagonist SCH23390 and D, antagonist clebopride impair mater-
nal LG after parturition (Byrnes et al., 2002). Likewise, mixed
D,-D, antagonists infused directly into the n. Acc shell reduce
maternal LG and pup retrieval (Keer and Stern, 1999). D recep-
tor antagonism has not been studied in relation to maternal be-
havior; however, like D, this subtype is implicated in behavioral
sensitization and reward processes (Parsons et al., 1996; Pilla et
al., 1999; Vorel et al., 2002). Thus, the elevated levels of D, and D5
receptors in high-LG dams may enhance the postsynaptic re-
sponse to DA, contributing to the observed differences in mater-
nal LG.
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The functional distinction between the role of the n. Acc shell
and core is apparent in studies of stress responsivity (Kalivas and
Duffy, 1995; Chretien et al, 1998), food reinforcement
(Sokolowski et al., 1998), sexual behavior (Jenkins and Becker,
2001; Lopez and Ettenberg, 2002), and maternal behavior (Keer
and Stern, 1999; Li and Fleming, 2003). The n. Acc shell receives
both direct and indirect connections from the MPOA via the
VTA (Simon et al., 1979; Numan and Smith, 1984; Zahm and
Heimer, 1993). Knife cuts severing the lateral projections from
the MPOA to the VTA seriously disrupt maternal behavior (Nu-
man and Smith, 1984). There appears to be an oxytocinergic
projection from the MPOA to the VTA (Pedersen et al., 1994;
Numan and Sheehan 1997), and infusion of an oxytocin receptor
antagonist into the VTA disrupts maternal behavior (Pedersen et
al. 1994). Estrogen increases levels of the oxytocin receptor in
multiple brain regions (Breton et al., 1995; Breton and Zingg,
1997), including the MPOA (Patchev et al., 1993), an effect me-
diated through interactions with the estrogen receptor a subtype
(Young et al., 1998). Because estrogen receptors are not colocal-
ized with oxytocin immunoreactivity with the MPOA (Cruttwell
etal., 1995), the estrogenic regulation of oxytocin activity is likely
trans-synaptic. Nevertheless, infusion of an oxytocin antisera or
receptor antagonism blocks the effect of estrogen on maternal
behavior (Fahrbach et al., 1985; Pedersen et al. 1985). High-LG
females show increased estrogen receptor a expression and
higher levels of oxytocin receptor binding in the MPOA by com-
parison with low-LG dams (Francis et al., 2000; Champagne et al.,
2001, 2003b) and intracerebroventricular infusion of a selective
oxytocin receptor antagonist reduces LG in high-LG dams to
levels comparable with those of low-LG dams.

Oxytocin stimulates DA release within the tuberoinfundibu-
lar system (Yuan and Pan, 1996). Oxytocin also regulates behav-
ioral responses to psychostimulant drugs, which are often medi-
ated by increased DA release (Kovacs et al., 1998; Sarnyai, 1998).
Oxytocin-induced self-grooming behavior, which is blocked by
oxytocin receptor antagonist administration to the VTA, has also
been found to be blocked by 6-OHDA lesions of the nucleus
accumbens and by administration of a dopamine receptor antag-
onist (Drago et al., 1986; Stivers et al., 1988). We propose that
oxytocin receptors in the MPOA activate an oxytocinergic
MPOA-VTA projection, increasing the release of DA from VTA
neurons projecting to the n. Acc. These effects are further en-
hanced by differences in levels of DAT within the n. Acc shell as
well as by postsynaptic differences in D, and D, receptor levels.
Moreover, DA can also serve to activate estrogen receptors
(Smith et al., 1993; Gangolli et al., 1997) and oxytocin release
(Clarke et al., 1979; Moos and Richard, 1979; Crowley et al.,
1991), further driving the differences in oxytocin receptor levels
and maternal behavior.
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