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Brain Oxytocin Correlates with Maternal Aggression:
Link to Anxiety
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The oxytocinergic system is critically involved in the regulation of maternal behavior, which includes maternal aggression. Because
aggression has been linked to anxiety, we investigated the maternal aggression and the role of brain oxytocin in lactating Wistar rats
selectively bred for high anxiety-related behavior (HAB) or low anxiety-related behavior (LAB) during the 10 min maternal defense test.
HAB dams displayed more maternal aggression against a virgin intruder compared with LAB dams, resulting in more defensive behavior
and higher anxiety of HAB-defeated virgins. The different levels of aggression were accompanied by opposite oxytocin release patterns
within the paraventricular nucleus (PVN; HAB, increase; LAB, decrease). Furthermore, oxytocin release was higher within the central
nucleus of the amygdala (CeA) of HAB dams compared with LABs. A direct correlation between the offensive behavior displayed during
the maternal defense test and local oxytocin release was found in both the PVN and CeA. Using retrodialysis, blockade of endogenous
oxytocin action by infusion of an oxytocin receptor antagonist (des-Gly-NH2 ,d(CH2 )5[Tyr(Me)2,Thr 4]OVT) into the PVN or CeA reduced
maternal aggression of HAB dams, whereas infusion of synthetic oxytocin into the PVN tended to increase aggression toward the intruder
in LAB dams. There were no significant differences in oxytocin receptor mRNA expression or oxytocin receptor binding between lactating
HAB and LAB dams. Therefore, differences in intracerebral release patterns of oxytocin, rather than differences at the level of oxytocin
receptors, are critical for the regulation of maternal aggressive behavior.
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Introduction
Enhanced aggressive behavior toward an intruder is part of the
complex pattern of maternal behavior in most mammals (Er-
skine et al., 1978; Numan, 1994; Rosenblatt et al., 1994; Numan
and Insel, 2003). Oxytocin, thought to originate from centrally
projecting paraventricular nucleus (PVN) neurons, is one of the
key neuropeptides regulating the initiation and maintenance of
maternal behavior (Pedersen and Boccia, 2002; Numan and In-
sel, 2003). However, the neuropeptidergic regulation of maternal
aggression, specifically, is less clear and even partly controversial.
Electrolytic lesions of the PVN reduced maternal aggression
(Consiglio and Lucion, 1996), and enhanced oxytocin release was
recently reported within the PVN of lactating Wistar rats during
the maternal defense test (Bosch et al., 2004). Also, pharmacolog-
ical manipulation of the oxytocin system within the central nu-
cleus of the amygdala (CeA) or the parvocellular division of the
PVN elicits changes in maternal aggression (Giovenardi et al.,
1998; Johns et al., 1998; Elliott et al., 2001; Lubin et al., 2003).

In males, aggressive behavior was found to be inversely related
to anxiety-like behavior (Nyberg et al., 2003; Veenema et al.,
2004), but less is known about the relationship between anxiety
and maternal aggression in lactating females. Therefore, we
sought to reveal whether the dam’s innate level of anxiety deter-
mines the intensity of its maternal aggressive behavior during the
maternal defense test and whether the aggression perceived also
alters the state of anxiety of the virgin intruder. Experiments were
performed on rats selectively bred for extremes in emotionality
[i.e., for high anxiety-related behavior (HAB) and low anxiety-
related behavior (LAB)] (Liebsch et al., 1998; Landgraf and Wig-
ger, 2002). Robust behavioral differences between HAB and LAB
rats are seen not only in emotional (Henniger et al., 2000; Ohl et
al., 2001) but also social (Henniger et al., 2000) and male aggres-
sive (Veenema et al., 2004) behaviors. Importantly, in female
HAB and LAB rats, the differences in inborn anxiety persist in
pregnancy (Neumann et al., 1998) and during lactation (Neu-
mann, 2003).

Furthermore, we investigated whether the activity of the brain
oxytocin system of lactating HAB and LAB dams correlates with
the level of maternal aggressive behavior displayed. We therefore
monitored the dynamics of local oxytocin release during the ma-
ternal defense test within both the PVN and the CeA using intra-
cerebral microdialysis. The PVN and CeA were examined be-
cause of their roles in emotional and neuroendocrine stress
responses (Gray et al., 1989; Feldman and Weidenfeld, 1995; Her-
man and Cullinan, 1997; Neumann et al., 2000a; Vyas et al., 2003;
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Salome et al., 2004) including anxiety (Liebsch et al., 1995; Bale et
al., 2001; Davis and Whalen, 2001), maternal behavior, and ag-
gression (Insel and Harbaugh, 1989; Elliott et al., 2001; Lubin et
al., 2003; Bosch et al., 2004). We also compared the behavioral
consequences of manipulating local oxytocin actions by retrodi-
alysis of either an oxytocin receptor antagonist or of synthetic
oxytocin. Last, we determined whether differences in local oxy-
tocin receptor expression or binding might also contribute to the
observed differences in maternal aggression found in lactating
HAB and LAB dams.

Materials and Methods
Animals
All surgical, sampling, and behavioral protocols were approved by the
Committee on Animal Health and Care of the local governmental ad-
ministration and are in accordance with the Guide for the Care and Use of
Laboratory Animals by the National Institutes of Health. The bidirec-
tional selection and breeding of HAB and LAB Wistar rats (outbreeding)
have been reviewed recently (Landgraf and Wigger, 2002). Both rat lines
were treated identically in terms of care, mating, and behavioral testing
over the last 10 years.

Virgin female rats (body weight, 250 –280 g) selectively bred for HAB
or LAB on the elevated plus-maze were mated, and pregnancy was con-
firmed the next day by the presence of sperm in the vaginal smears
(pregnancy day 1). Pregnant rats were housed in groups of four in stan-
dard rat cages (40 � 60 � 20 cm); from day 18 of pregnancy, rats were
housed individually. On day 22 or 23 of pregnancy, the females delivered
8 –16 pups, and litters were culled to eight pups. The number of pups
delivered did not differ between HAB and LAB dams. Rats were kept
under standard laboratory conditions (12 h light/dark cycle; lights on at
6:00 A.M.; 22°C; 60% humidity; and ad libitum access to water and
standard rat chow). All behavioral tests were performed on day 3 of
lactation.

Maternal defense test. To compare maternal aggressive behavior, the
maternal defense test was performed with lactating HAB and LAB resi-
dents and virgin intruders (Wistar rats unselected for anxiety; body
weight, 230 –250 g; Charles River, Sulzfeld, Germany) between 10:00
A.M. and 12:00 P.M. The intruder was placed into the resident’s cage for
10 min in the presence of the pups, and the behavior was recorded by a
digital camera. Later, the offensive (attacks, lateral threats, genital sniff-
ing after attack, offensive sniffing), defensive (freezing, immobility after
attack), explorative (rearing, sniffing at opponent, cage exploration), and
maternal (nursing, licking/grooming pups, pup carrying) behaviors dis-
played by the resident and the intruder were analyzed every 10 s on a
videotape by an experienced observer blind to the breeding line or treat-
ment (Neumann et al., 2001). After the 10 min testing period, the virgin
intruder was returned to its home cage.

Elevated plus-maze. To confirm differences in the level of anxiety of the
residents and to evaluate the possible consequences of exposure to a HAB
or LAB resident on the anxiety-related behavior of the intruders, lactat-
ing residents and virgin intruders were tested on the elevated plus-maze
10 min after termination of the maternal defense test. The intruders were
compared with a group of naive (i.e., nondefeated) female virgin rats
(Charles River). On the elevated plus-maze, a conflict situation is created
between the rat’s exploratory drive and its innate fear of open and ex-
posed areas (Pellow et al., 1985; Liebsch et al., 1998). The plus-maze is
built of an elevated (80 cm) plus-shaped platform with two closed (with
40 cm high walls; 20 lux) and two open (each 50 � 10 cm; 80 lux) arms,
connected at the center by a neutral zone (10 � 10 cm). The surface of the
maze was cleaned with water containing a low concentration of a deter-
gent and dried before each rat was tested. The rat was placed in the
neutral zone with its head facing a closed arm. The following parameters
were recorded with a video/computer system (Plus-maze version 2.0;
Ernst Fricke) during the 5 min exposure: (1) percentage of entries into
open arms versus entries into all arms, (2) percentage of time spent on the
open arms versus total time, (3) latency until first entry into the open
arm, and (4) the number of full entries.

Implantation of microdialysis probes
On day 1 postpartum, lactating rats were stereotaxically implanted with a
U-shaped microdialysis probe (dialysis membrane; molecular cutoff of
18 kDa; Hemophan; Gambro Dialysatoren, Hechingen, Germany) (for
details, see Neumann et al., 1993) under isoflurane anesthesia and
temperature-controlled conditions using sterile procedures. The micro-
dialysis probes were used either for monitoring local oxytocin release or
for manipulation of the local oxytocin system by retrodialysis of synthetic
oxytocin or an oxytocin receptor antagonist. The target area was either
the PVN [stereotaxic coordinates relative to bregma, 1.6 mm caudal, 1.8
mm lateral to midline, 9.1 mm beneath the surface of the skull; angle of
10° to avoid sagittal sinus damage; nose, �3.5 mm (Paxinos and Watson,
1998)] or the CeA (2.5 mm caudal, 4.0 mm lateral, 8.5 mm deep). Uni-
lateral implantation was performed for microdialysis studies, and bilat-
eral implantation was performed for retrodialysis studies. Before the
implantation, the probes were flushed and filled with sterile Ringer’s
solution [composed of the following (in mM): 147.1 Na �, 2.25 Ca 2�, 4
K �, 155.6 Cl �, pH 7.4] (Fresenius, Bad Homburg, Germany). They were
secured in place with dental cement to two stainless-steel screws inserted
into the skull. Afterward, the inflow and outflow ends of the probe were
each attached to short PE-20 polyethylene tubing (5 cm long) filled with
Ringer’s solution. After surgery, the rats received a 30 �l subcutaneous
depot injection of antibiotic (Tardomyocel; Bayer, Leverkusen, Ger-
many). Rats were kept together with their litters in polycarbon observa-
tion cages (38 � 22 � 35 cm). The next day, they were handled carefully
to habituate them to the microdialysis procedure and to reduce nonspe-
cific stress responses during the experiment.

Monitoring of oxytocin release within the PVN or CeA and
maternal aggressive behavior
Two days after surgery at 8:00 A.M., the inflow tubing of the microdialy-
sis probe located within either the PVN or the CeA was connected to a
syringe mounted onto a microinfusion pump via a long piece of PE-20
tubing. The outflow was equipped with a tube holder that allowed direct
sample collection into a 1.5 ml Eppendorf (Eppendorf, Hamburg, Ger-
many) tube (containing 10 �l of 0.1N HCl) at a distance of 5 cm above
the neck of the animal with a calculated dead space of 12 �l and a sam-
pling delay of 3.5 min. The microdialysis probes were perfused at a rate of
3.3 �l/min with sterile Ringer’s solution, pH 7.4, initially for 2 h before
the first sample collection. The following five consecutive 30 min dialy-
sates were collected from the lactating rat: samples 1 and 2 were taken
under basal (undisturbed) conditions. During the collection of sample 3,
the maternal defense test was performed for 10 min as described above
with continued microdialysis, after which the intruder was removed.
Samples 4 and 5 were again taken under undisturbed conditions. Micro-
dialysates were immediately frozen on dry ice and stored at �20°C until
quantification of oxytocin by radioimmunoassay. In five dams of each
breeding line, maternal aggressive behavior was monitored simulta-
neously with ongoing microdialysis in the PVN or CeA.

Infusion of an oxytocin receptor antagonist into the PVN or the
CeA of HAB dams and monitoring of maternal
aggressive behavior
Lactating HAB dams were prepared for retrodialysis as described above
with microdialysis probes implanted bilaterally into either the PVN or
the CeA. The probes were perfused at a rate of 1.0 �l/min with sterile
Ringer’s solution (vehicle; pH 7.4) initially for 2 h before the experiment.
At 35 min before the 10 min maternal defense test, the inflow tubing
containing the control perfusion solution was exchanged with an inflow
tubing containing the selective oxytocin receptor antagonist (des-Gly-
NH2,d(CH2)5[Tyr(Me) 2,Thr 4]OVT; 10 �g/ml dissolved in Ringer’s so-
lution) (Manning et al., 1989) in a concentration that was found to be
effective in previous experiments (Neumann et al., 2000c; Ebner et al.,
2005). The delay for the drug to reach the target site was calculated as 8
min. During the retrodialysis period, an amount of at least 2 ng is ex-
pected to be locally delivered into the surrounding tissue as estimated in
vitro (Engelmann et al., 1992). In controls with continued perfusion with
vehicle, exchange of tubings was mimicked to provide identical experi-
mental conditions for both groups. Perfusion with oxytocin receptor
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antagonist or vehicle was continued during the maternal defense test.
The behavioral performance of the resident rat during the maternal de-
fense test was monitored every 10 s as described above by an experienced
observer unfamiliar with the rat’s treatment.

Infusion of synthetic oxytocin into the PVN of LAB dams and
monitoring of maternal aggressive behavior
Because reduced release of oxytocin within the PVN was found in LAB
residents during the defense of the pups, lactating LAB dams were pre-
pared for retrodialysis within the left and right PVN as described above.
At 30 min before the maternal defense test, the perfusion fluid was either
changed to synthetic oxytocin (1 �g/ml dissolved in Ringer’s solution;
Sigma, Taufkirchen, Germany) or remained unchanged (vehicle con-
trols). The behavior of the resident rat during the 10 min maternal de-
fense test performed during ongoing retrodialysis was monitored every
10 s as described above.

Histology
At the end of the microdialysis experiments, rats were killed with an
overdose of isoflurane. The brains were removed, quickly frozen in pre-
chilled n-methylbutane on dry ice, and stored at �70°C. To histologically
verify the placement of the probe in either the PVN or CeA our outside
the targeted region (see Figs. 3, 5, 6), brains were cut into 25 �m coronal
cryostat sections and stained with cresyl violet. Data from experimental
subjects were only included in the statistical analysis if the microdialysis
probes were correctly placed in the brain target region.

Radioimmunoassay of oxytocin
Oxytocin content was measured in lyophilized dialysates by a highly
sensitive and selective radioimmunoassay (detection limit, 0.1 pg per
sample; cross-reactivity of the antisera with other related peptides was
�7%) (for details, see Landgraf et al., 1995).

In situ hybridization for oxytocin receptor mRNA
The brains of day 5/6 lactating HAB and LAB dams were removed after
decapitation, frozen in prechilled n-methylbutane on dry ice, and stored
at �70°C.

Preparation of oxytocin receptor probe. A 400 bp fragment encoding the
5�-untranslated region of rat oxytocin receptor cDNA was subcloned
into pGEM-7Z. Sense and antisense riboprobes were generated by in
vitro transcription, in the presence of 35S-UTP, with SP6- and T7-RNA
polymerase after plasmid linearization with EcoRI or BamHI,
respectively.

In situ hybridization histochemistry for oxytocin receptor expression.
Whole brains were sectioned coronally at 15 �m on a cryostat and thaw
mounted onto clean poly-L-lysine-coated glass microscope slides and
stored at �70°C. Every fifth section was mounted separately and stained
with toluidine blue (Sigma, Poole, UK) to locate regions of interest.
Slide-mounted sections containing the PVN and CeA from each rat were
thawed to room temperature (RT) and immersed in 4% paraformalde-
hyde solution for 10 min, then rinsed in PBS before treatment with 0.3%
triethanolamine/acetic anhydride. The slides were then rinsed in PBS and
dehydrated through a series of graded ethanols. Sections were then incu-
bated at 50°C with prehybridization solution for 2 h and hybridized with
the 35S-labeled antisense or sense riboprobe directed against rat oxytocin
receptor in a solution mixed with 50% formamide. The probe was ap-
plied to each section at a concentration of 10 6 cpm per slide in 200 �l of
hybridization solution for 18 h at 55°C in a humidified chamber. Post-
hybridization washes consisted of three 5 min washes in 2� SSC. Sec-
tions were then incubated in a 30 �g/ml RNase-A solution for 1 h at 37°C,
followed by a 30 min rinse in 2� SSC at RT followed by stringency washes
in 0.1� SSC at 50°C for 90 min, then two 60 min rinses at RT. Test assays
were used to determine the optimal wash temperature for this probe.
Tissue was then dehydrated in a graded series of ethanol containing 300
mM ammonium acetate. The hybridization signal was visualized at the
cellular level by dipping the slides in autoradiographic emulsion (135
5053; Ilford; Agar Scientific, Stansted, UK). Slides were air dried and
stored with desiccant at 4°C for 20 weeks before being developed (D19;
Eastman Kodak, Rochester, NY), counterstained with hematoxylin and
eosin, dehydrated through alcohols to xylene, and finally coverslipped

with DPX (a mixture of distyrene, tricresyl phosphate, and xylene)
mounting medium (Fisher Scientific, Leicestershire, UK). Slides were
examined with a light microscope under bright-field illumination.

Specificity of hybridization signal. Control procedures for the antisense
oxytocin receptor probe included hybridization of sections with the sense
riboprobe or pretreatment with RNase-A before hybridization with the
antisense riboprobe, conducted under identical conditions to those for
the antisense probe. There was no detectable hybridization signal with
the sense probe or after RNase-A pretreatment.

Quantification of autoradiograms. Anatomical identification of brain
structures was based on the stereotaxic brain atlas by Paxinos and
Watson (1998). The subdivisions of the PVN into magnocellular and
parvocellular cellular parts were defined after Swanson and Kuypers
(1980). The slides were coded so that the experimenter was unaware of
the treatment of the rats at the time of analysis. Coated section autora-
diograms were evaluated by measuring silver grain density over individ-
ual neurons within the region of interest (40� objective) using a
computer-aided image analysis system (Open Lab; Improvision, Lexing-
ton, MA). Neurons were considered labeled if the mean number of over-
lying silver grains was three times greater than that of the equivalent area
of background. Background measurements were taken from tissue adja-
cent to the PVN and CeA that exhibited no evident signal. Silver grain
counts were made over 15 randomly chosen labeled neurons per region
of interest per section and in four sections per rat. Means were calculated
for each variable in each animal; these values were used to calculate group
means.

Oxytocin receptor binding autoradiography
Brain sections from the same rats used for analysis of oxytocin receptor
mRNA (above) were also analyzed for oxytocin receptor binding using in
situ autoradiography. The oxytocin receptor binding study was per-
formed using a 125I-ornithine vasotocin analog ( 125I-OVTA; vasotocin,
d(CH2)5[Tyr(Me)2,Thr4,Orn8)( 125I)Tyr9-NH2]; 2200 Ci/mmol; NEN,
Boston, MA). Sections were thawed to RT and allowed to dry. Afterward,
they were fixed in 0.1% paraformaldehyde for 2 min for optimization of
tissue integrity. Sections were then rinsed two times in 50 mM Tris-HCl,
pH 7.4, at RT for 10 min and incubated for 60 min at RT in a solution of
50 mM Tris-HCl, pH 7.4, with 10 mM MgCl, 0.1% bovine serum albumin,
and 50 pM

125I-OVTA. They were then washed three times at RT for 5
min in 50 mM Tris-HCl, pH 7.4, with 10 mM MgCl, followed by 30 min
rinse in the same buffer. After dipping the slides in distilled H2O, they
were dried rapidly with cold air. Sections were apposed to Kodak Bi-
oMaxMR film with 125I microscale standards for 72 h. Slides from all
groups were processed simultaneously. The autoradiograms were coded
to obscure the identity of the tissue. Brain slices that contained compa-
rable sections of the CeA were measured for each subject to provide
individual means. Autoradiographic 125I-receptor binding was quanti-
fied on the film in the CeA as gray density per area minus background
using the NIH Image program (ImageJ 1.31; National Institutes of
Health; http://rsb.info.nih.gov/ij/). Background activity was automati-
cally subtracted from measured areas to yield values for specific binding.

Statistics
For the comparison of behavioral parameters during the maternal de-
fense test (see Figs. 1, 5, 6) and on the elevated plus-maze (see Fig. 2), a
one-way ANOVA was performed. The microdialysis data of each rat was
standardized to the mean of its two basal samples (�100%) and pre-
sented as mean percentage of the group � SEM (see Fig. 3). To compare
oxytocin levels in dialysates, a two-way (factors, line-by-time) or one-
way (factor, time) ANOVA for repeated measures was used; Newman–
Keuls post hoc analysis was performed after significant interaction. Cor-
relation analysis of offensive behavior and oxytocin release was
performed using simple regression analysis (see Fig. 4). Mann–Whitney
U test was performed for the comparison of mean basal oxytocin levels in
dialysates (see Fig. 3) of the behavioral performance of dams retrodial-
ysed with vehicle, oxytocin, or the oxytocin receptor antagonist outside
the targeted brain area, of oxytocin receptor mRNA expression, and of
oxytocin receptor binding (see Fig. 7). Significance was accepted at p �
0.05. All statistics were performed using a computer software package
(GB-Stat 6.0; Dynamic Microsystems, Silver Spring, MD).
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Results
Comparison of maternal aggressive and anxiety-related
behaviors between HAB and LAB dams
During the maternal defense test, HAB dams displayed signifi-
cantly more attacks (one-way ANOVA; F(1,12) � 8.51; p � 0.013)
(Fig. 1a) and more overall offensive behavior directed against the
virgin intruder (F(1,12) � 16.2; p � 0.002) than LAB dams. The
higher level of maternal aggression in HAB dams was also re-
flected by a reduced attack latency (22.7 � 11.5 s) compared with
LAB dams (120 � 36.9 s; F(1,12) � 6.28; p � 0.028). No significant
differences between HAB and LAB dams were observed in the
amount of defensive, explorative, or maternal behavior displayed
during the test period.

HAB and LAB residents were tested for anxiety-related behav-
ior on the elevated plus-maze 10 min after completion of the
maternal defense test to confirm their behavioral extremes. As
expected, HAB dams explored the open arms of the elevated plus-
maze significantly less as reflected by reduced percentage of en-
tries into the open arms (one-way ANOVA; F(1,16) � 29.7; p �
0.0001) (Fig. 2a), reduced percentage of time on the open arms
(F(1,16) � 20.9; p � 0.0003), and less full entries (F(1,16) � 24.8;
p � 0.0001) when compared with LAB dams.

Effects of exposure to either HAB or LAB residents on
defensive behavior and anxiety in virgin intruders
Virgin intruders defeated by HAB dams displayed significantly
more freezing (one-way ANOVA; F(1,12) � 8.2; p � 0.014) (Fig.

1b) and more overall defensive behavior (F(1,12) � 11.1; p �
0.006) compared with intruders defeated by LAB dams, whereas
cage exploration (F(1,12) � 13.0; p � 0.004) and overall explor-
ative behavior were significantly higher in virgins defeated by
LAB dams (F(1,12) � 13.1; p � 0.004).

The anxiety-related behavior of virgin intruders (commer-
cially obtained and unselected for emotionality) on the elevated
plus-maze was dependent on the resident exposed to. Virgin in-
truders who were defeated by the more aggressive HAB dams
were significantly more anxious, because they entered the open
arms less frequently (F(2,28) � 10.4; p � 0.0004) (Fig. 2b) and
spent less time in the open arms (F(2,28) � 7.7; p � 0.002) com-
pared with virgin intruders defeated by a LAB dam and to non-
defeated virgin controls.

Effect of maternal defense on oxytocin release in HAB and
LAB dams
PVN
The oxytocin content in dialysates sampled under basal condi-
tions from the PVN (mean sample 1 and 2) did not differ between
lactating HAB and LAB rats (one-way ANOVA; factor, line;
F(1,12) � 2.24; p � 0.16) (Fig. 3a, inset). Oxytocin release within
the PVN significantly differed between lactating HAB and LAB
residents (two-way ANOVA for repeated measures; factor, line;
F(1,52) � 6.20; p � 0.03) (Fig. 3a), although it did not change
significantly over time (factor, time; F(4,44) � 0.53; p � 0.72).
However, when performing a one-way ANOVA for repeated
measures separately on data from each group, a significant time
effect could be found in both HAB (F(4,56) � 8.91; p � 0.0001)
and LAB (F(4,56) � 13.0; p � 0.0001) dams. Oxytocin release
within the PVN increased in HAB ( p � 0.01 vs sample 2) but
decreased in LAB residents ( p � 0.01 vs sample 2) during expo-
sure to the maternal defense test. Differences in local oxytocin
release were also reflected by significant differences in � values
between HAB and LAB dams ( p � 0.002) (Fig. 3a, inset). Impor-
tantly, oxytocin content in microdialysates sampled outside the
PVN remained at basal levels during exposure to maternal de-
fense, at least in LAB dams (Fig. 3a).

The amount of offensive behavior displayed by the HAB and
LAB dams did correlate with the oxytocin release within the PVN
(r 2 � 0.56; p � 0.005) (Fig. 4a).

CeA
Under basal conditions, oxytocin content in the dialysates from
the CeA did not significantly differ between lactating HAB and
LAB residents (one-way ANOVA; factor, line; F(1,10) � 0.75; p �
0.41) (Fig. 3b, inset). Oxytocin release within the CeA changed
significantly over time (two-way ANOVA for repeated measures;
factor, time; F(4,36) � 4.11; p � 0.008) (Fig. 3b) but was not
different between lactating HAB and LAB residents (factor, line;
F(1,44) � 1.05; p � 0.33). During the maternal defense test, the
oxytocin content increased significantly in dialysate sample 3
compared with sample 2 of both HAB ( p � 0.001) and LAB ( p �
0.05) dams. When performing statistics on the oxytocin content
in sample 3, there was a trend toward higher oxytocin content in
HAB compared with LAB rats during maternal defense ( p �
0.06) (Fig. 3b, inset). Oxytocin content in microdialysates sam-
pled outside the CeA during maternal defense was unchanged
compared with basal levels (Fig. 3b).

The amount of offensive behavior displayed by the HAB and
LAB dams did correlate with the oxytocin release within the CeA
(r 2 � 0.67; p � 0.004) (Fig. 4b).

Figure 1. Behavior of HAB and LAB residents (a) and their virgin intruders unselected for
anxiety (b) during the 10 min maternal defense test. a, The occurrence of attacks and total
offensive behavior as well as total defensive, explorative, and maternal behavior were moni-
tored in HAB and LAB residents on day 3 of lactation. b, The occurrence of total offensive,
freezing, and total defensive behavior, as well as cage exploration and total explorative behav-
ior, were monitored in the virgin intruder rats. The number of rats included in the statistics was
n � 7 per group. Data are expressed as mean � SEM. **p � 0.01; *p � 0.05 versus LAB
resident or intruders defeated by LAB residents. res, Residents.

Figure 2. Anxiety-related behavior on the elevated plus-maze of residents and intruders 10
min after termination of the maternal defense test. Comparison of either the lactating HAB and
LAB residents (a) or the respective virgin intruders (unselected for anxiety) defeated by HAB or
LAB residents (b) as reflected by the percentage of entries into the open arms of the maze, the
percentage of time spent on the open arms of the maze, as well as the total number of full
entries into the open arms during a 5 min exposure time. In b, a group of nondefeated virgin
controls is included. The numbers in parentheses indicate group size. Data are expressed as
mean � SEM. **p � 0.01; *p � 0.05 versus all other groups. res, Residents.
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Effects of administration of an oxytocin receptor antagonist
bilaterally into the PVN on maternal aggression
In HAB dams, oxytocin release within the PVN was found to be
elevated during exposure to the maternal defense (see above).
Retrodialysis of the oxytocin receptor antagonist bilaterally into
the PVN resulted in a significant reduction in the level of the
overall offensive behavior compared with vehicle-treated HAB
dams (factor, treatment; F(1,11) � 5.22; p � 0.04) (Fig. 5a). The

amount of defensive (F(1,11) � 1.59; p �
0.23) (Fig. 5a), exploratory, and maternal
behaviors (data not shown) were un-
changed. In contrast, in LAB dams in
which local oxytocin release was found to
be reduced during the maternal defense
test, local administration of the oxytocin
receptor antagonist did not alter any be-
havioral measure (Fig. 5a).

Bilateral retrodialysis application of the
oxytocin receptor antagonist closely out-
side the left and right PVN (n � 3) (Fig.
5d) did not affect the behavioral perfor-
mance of HAB dams compared with dams
treated with vehicle (n � 2) outside the
target area with respect to the parameters
number of attacks, offensive, and defen-
sive behavior (data not shown).

Effects of bilateral administration of
synthetic oxytocin into the PVN of LAB
dams on maternal aggression
In LAB dams, local oxytocin release within
the PVN was found to be reduced during
maternal defense. Retrodialysis of syn-
thetic oxytocin bilaterally into the PVN
did not significantly affect the total
amount of offensive behavior (factor,
treatment; F(1,13) � 2.60; p � 0.13) (Fig.
6). However, there was a tendency toward
an increase in the offensive parameter lat-
eral threat (F(1,13) � 4.01; p � 0.06).

Bilateral retrodialysis application of
oxytocin closely outside the left and right
PVN (n � 2) (Fig. 6b) had no effect on the
behavioral performance of LAB dams

compared with LAB dams treated with vehicle (n � 2) outside the
target areas with respect to the parameters number of attacks,
lateral threat, and offensive and defensive behavior (data not
shown).

Effects of administration of an oxytocin receptor antagonist
bilaterally into the CeA on maternal aggression
Oxytocin release was more pronounced within the CeA of HAB
compared with LAB dams during exposure to the maternal de-
fense (see above). In lactating HAB rats, retrodialysis of the oxy-
tocin receptor antagonist bilaterally into the CeA resulted in a
significant decrease in the total amount of attacks (factor, treat-
ment; F(1,14) � 5.65; p � 0.03) (Fig. 5b) and offensive behavior
(F(1,14) � 8.40; p � 0.012) compared with vehicle-treated HAB
dams. The defensive, exploratory, and maternal behaviors dis-
played were unchanged. In contrast, in LAB dams the infusion of
the oxytocin receptor antagonist into the CeA did not signifi-
cantly change any of the behavioral parameters monitored
(Fig. 5b).

Furthermore, when the oxytocin receptor antagonist was ap-
plied closely outside the left and right CeA by retrodialysis (Fig.
5d), the behavioral performance (attacks, offensive, and defen-
sive behavior) of HAB (n � 3) or LAB (n � 2) dams was not
altered compared with dams treated with vehicle (HAB, n � 2;
LAB, n � 2) outside the target areas (data not shown).

Figure 3. Oxytocin release within the PVN (a) and the CeA (b) of lactating HAB and LAB residents in response to maternal
defense and exemplary reconstructions of the exact placement of the microdialysis probes inside (“insider”) or outside (“outsider”)
the target area drawn on to plates from the Paxinos and Watson (1998) atlas. Thirty minute dialysates were sampled under basal
conditions (samples 1 and 2). During the third dialysis sampling period, a virgin intruder rat was placed into the cage of the
lactating resident for 10 min (maternal defense) with continued microdialysis (insider). Also shown are individual oxytocin
contents in sample 3 collected outside the respective target areas (outsider; �, HAB; �, LAB). Data are expressed as percentage
of baseline (mean of sample 1 and 2; �100%; dotted line) � SEM. Insets demonstrate mean basal oxytocin (samples 1 and 2)
content in picograms per 100 �l sample and � values (sample 3 minus minimum basal). The numbers on the right of each plate
indicate the distance in millimeters posterior to bregma. Number of rats included in the statistics: a, HAB, eight; LAB, six; b, HAB,
six; LAB, six. *p � 0.05, **p � 0.01 versus sample 2 of respective group; ##p � 0.01 versus LAB.

Figure 4. Correlation of maternal aggression with local oxytocin release. The total amount of
offensive behavior displayed by the lactating HAB and LAB residents during maternal defense
was correlated with the release of oxytocin in either the PVN (a) or the CeA (b). The numbers in
parentheses indicate group size. Each data point represents one individual dam. The dotted line
indicates the regression line.
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Expression of oxytocin receptor mRNA
and oxytocin receptor binding
The expression of oxytocin receptor
mRNA either in the magnocellular ( p �
0.20) or the parvocellular ( p � 0.58) part
of the PVN or in the CeA ( p � 0.42) did
not differ significantly between HAB and
LAB dams (Fig. 7a). Oxytocin receptor
binding in the CeA did not differ between
lactating HAB and LAB dams ( p � 0.37)
(Fig. 7b). However, comparison of the
oxytocin receptor mRNA expression in the
CeA of all lactating HAB and LAB dams
with data pooled from both virgin HAB
and LAB rats revealed a significant in-
crease of oxytocin receptor mRNA in lac-
tating dams ( p � 0.03) (Fig. 7a).

Discussion
We have shown that maternal aggression
in lactating rats is dependent on inborn
emotionality and correlates with oxytocin
release within the brain. During the mater-
nal defense test, HAB residents were more
aggressive than LAB residents, which was
also reflected by more defensive postures
and an elevated level of anxiety of virgin
intruders defeated by HAB dams. In addi-
tion, oxytocin release increased within
both the PVN and the CeA of lactating
HAB rats during the maternal defense test,
whereas it decreased or only slightly in-
creased in LABs. Local infusion of an oxy-
tocin receptor antagonist into either the
PVN or the CeA of lactating HAB resi-
dents, but not closely outside these target
regions, revealed that locally released, en-
dogenous oxytocin supports the high level
of maternal aggressive behavior. Likewise,
oxytocin infusion into the PVN tended to
increase maternal aggression in LAB resi-
dents. Oxytocin receptor mRNA expres-
sion and binding in the PVN or CeA did
not differ between HAB and LAB dams.
Thus, differences in the dynamics of oxy-
tocin release patterns within selected brain
regions, rather than differences at the level
of oxytocin receptors, underlies maternal
aggression.

Maternal aggression and anxiety
Our results from the elevated plus-maze
demonstrate that the extremes in anxiety-
related behavior of HAB and LAB dams
persist in lactation even after exposure to
the maternal defense test. Importantly, al-
though more anxious, lactating HAB dams
are significantly more protective of their
offspring by being more offensive than
LAB dams. This is in line with studies on
their maternal behavior in which HAB
dams spend more time on the nest and
collect their pups faster during the pup re-

Figure 5. Behavioral consequences of local infusion of the oxytocin receptor antagonist and exemplary reconstructions of the
exact placement of the microdialysis probes. The antagonist was applied via retrodialysis bilaterally into (insider) the PVN (a) and
the CeA (b) of lactating HAB and LAB residents, and the occurrence of attacks, offensive, and defensive behaviors during the 10 min
maternal defense test was monitored. The exact placement of the microdialysis probes inside (insider; c) or outside (outsider; d)
the target area was drawn on to plates from the Paxinos and Watson (1998) atlas. Number of rats included in the statistics: a, HAB:
VEH, six; OXT-A, eight; LAB: VEH, six; OXT-A, six; b, HAB: VEH, seven; OXT-A, eight; LAB: VEH, six; OXT-A, eight. Data are expressed
as mean � SEM. *p � 0.05 versus respective vehicle-treated group. VEH, Vehicle; OXT-A, oxytocin receptor antagonist.

Figure 6. Behavioral consequences of application of synthetic oxytocin or vehicle infused via retrodialysis bilaterally into
(insider) the paraventricular nucleus of lactating LAB residents. a, The amount of attacks and lateral threats and of offensive,
defensive, and maternal behaviors during the 10 min maternal defense test was monitored. b, Exemplary reconstructions of the
exact placement of the microdialysis probes inside (insider) or outside (outsider) the target area was drawn on to plates from the
Paxinos and Watson (1998) atlas. The numbers in parentheses indicate group size. Data are expressed as mean � SEM.
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trieval test, whereas the occurrence of licking and grooming the
offspring is similar in HAB and LAB dams (Neumann et al.,
2005). Similarly, mice selected for HAB (Krömer et al., 2005)
show a comparable style of maternal behavior during lactation,
including more pup-directed behavior and enhanced maternal
aggression toward an intruder during the maternal defense test
(A. H. Veenema and I. D. Neumann, unpublished observation)
as signs of a high level of pup protection. Interestingly, in nonhu-
man primates, mothers who show frequent behavioral signs of
anxiety scored higher in maternal protectiveness, suggesting a
link between protective parenting style and emotionality (Mae-
stripieri, 1999). However, our finding of high maternal aggres-
sion in rats with high innate level of anxiety-related behavior is
contrary to reports in (nonselected, genetically similar) lactating
mice that demonstrated the least anxious mice being the most
aggressive ones (Maestripieri and D’Amato, 1991; Parmigiani et
al., 1999). Similarly, in rats, manipulations that resulted in en-
hanced emotionality consequently reduced maternal aggressive
behavior (Lonstein et al., 1998; Boccia and Pedersen, 2001). In
contrast, various neural interventions that decrease aggression do
not affect the rats’ fearfulness (Hansen and Ferreira, 1986; Fer-
reira et al., 1987), and separate neuronal regulation of maternal
aggression and the animal’s fear state has been suggested (Numan
and Insel, 2003).

The level of maternal aggression significantly influenced the
behavior of the virgin intruder rats. Intruders exposed to HAB
dams not only displayed more defensive behavior during the de-
fense test compared with those exposed to LAB dams but also
became more anxious on the plus-maze immediately after the
maternal defense test. In males, it has been shown repeatedly that
exposure to an aggressive male resident results in enhanced anx-
iety (Heinrichs et al., 1992; Liebsch et al., 1995; Haller et al.,
2003). However, this is the first study demonstrating that expo-
sure to an offensive dam results in the same behavioral phenom-
enon in virgin female rats and that the increase in anxiety seems
to be strictly dependent on the level of aggressive behavior
experienced.

Maternal aggression and brain oxytocin
The amount of aggressive behavior displayed during the maternal
defense test correlated with the rise in local oxytocin release both
within the PVN and the CeA. In more detail, the level of maternal

aggression seen in the anxious HAB dams
during maternal defense was found to be
accompanied by a significant increase in
oxytocin release into the extracellular
space of the PVN, whereas local oxytocin
release decreased in the less aggressive LAB
dams. Together with the finding that
blockade of oxytocin receptors within the
PVN by local administration of a selective
oxytocin receptor antagonist reduced ma-
ternal aggression in HABs (Fig. 5), our re-
sults support the hypothesis that oxytocin
release in the PVN is necessary for the dis-
play of maternal aggressive behavior. In-
terestingly, the same treatment did not al-
ter maternal aggressive behavior in LAB
dams, which showed a reduced release of
endogenous oxytocin within the PVN dur-
ing pup defense. However, when oxytocin
concentrations in the PVN of LAB dams
were artificially increased by local retrodi-

alysis of the synthetic neuropeptide, the animals tended to be
more aggressive (Fig. 6), further demonstrating a role for oxyto-
cin in the PVN to mediate maternal aggression.

One possible mechanism of oxytocin action in the PVN in
regulating maternal aggressive behavior could be via inhibition of
the brain corticotropin-releasing hormone (CRH) system. Intra-
cerebral injection of CRH was shown recently to inhibit aggres-
sion in lactating mice, and inhibition of CRH might be necessary
for maternal aggression (Gammie et al., 2004). In support of this
hypothesis, brain oxytocin inhibits the activity of CRH neurons
(Windle et al., 2004), and, specifically, oxytocin released within
the PVN inhibits the activity of the hypothalamo–pituitary–
adrenal axis (Neumann et al., 2000a), which is driven mainly by
CRH neurons. Our findings are also in agreement with a study by
Consiglio and Lucion (1996), who demonstrated that electrolytic
lesions of the PVN reduced various components of maternal ag-
gression. In contrast, ibotenic acid lesions of the parvocellular
part of the PVN or local inhibition of oxytocin synthesis resulted
in increased bite frequency of rat dams against a male intruder
(Giovenardi et al., 1998), although in this context the contribu-
tion of locally released oxytocin in the PVN or central projection
sites remains unknown.

Our results also provide evidence for increased oxytocin re-
lease within the CeA in both HAB and LAB dams during maternal
defense. This is remarkable, because there is only sparse oxyto-
cinergic innervation and low concentrations of oxytocin in the
extracellular space of the amygdala. Monitoring of local oxytocin
release has found to be difficult, and oxytocin was only recently
reported to be detectable in CeA dialysates (Bosch et al., 2004;
Ebner et al., 2005). Oxytocin release within the CeA appeared
more pronounced in HAB compared with LAB dams during ma-
ternal defense, and local administration of the oxytocin receptor
antagonist significantly attenuated aggressive behavior in HAB
dams only, whereas it was without effect in LABs. Therefore, we
conclude that oxytocin released within the amygdala also con-
tributes to maternal aggression. Interestingly, in lactating Wistar
rats unselected for anxiety-related behavior, oxytocin release
within the CeA remained unchanged during maternal defense,
but they displayed a low level of offensive behavior (unselected,
14%; HAB, 44%; LAB, 25%) (Bosch et al., 2004). Thus, a direct
correlation between the level of maternal aggression and the
amount of oxytocin released within the CeA is likely and could be

Figure 7. Evaluation of oxytocin receptors. Comparison of oxytocin receptor (OXT-R) mRNA expression in the magnocellular
(magno) and parvocellular (parvo) part of the PVN and the CeA of lactating (lact) HAB and LAB dams, as well as of pooled virgin
(virg) female HAB and LAB rats versus pooled lactating HAB and LAB rats (gray columns) (a) and OXT-R binding in the CeA of
lactating HAB and LAB dams (b). The number of rats included in the statistics: lactating, HAB, six, LAB, eight; pooled HAB/LAB,
lactating, 15; virgin, 16. Data are expressed as mean � SEM. *p � 0.05 versus pooled virgin group.
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confirmed in the present study. This is supported by experiments
performed in lactating hamsters (Ferris et al., 1992), in which the
repeated administration of oxytocin in the CeA resulted in en-
hanced aggression toward the male intruder. In contrast, local
infusion of an oxytocin receptor antagonist 4 h before testing
increased the frequency of attacks against a male intruder rat
(Lubin et al., 2003). These results may not be in conflict, because
blockade of oxytocin receptors might trigger a rebound effect
and, thus, induce even more local oxytocin release after 4 h
(Landgraf and Neumann, 2004). Overall, our findings on brain
oxytocin as a mediator of aggression are supported by studies on
oxytocin knock-out mice that showed a reduced aggression com-
pared with wild-type mice (Young et al., 1998).

Brain oxytocin and anxiety
Oxytocin also regulates anxiety-related behavior (McCarthy et
al., 1996; Windle et al., 1997; Neumann et al., 2000b; Mantella et
al., 2003), an effect that could be localized within the amygdala
(Bale et al., 2001; Neumann, 2002). Thus, oxytocin is likely to
promote maternal aggressive behavior indirectly via transient
regulation of fear and anxiety possibly by regulation of the activ-
ity of the brain CRH system (Windle et al., 2004). As another
possible mechanism, oxytocin inhibits the release of GABA
within the CeA, but not PVN, during maternal aggression in HAB
dams (Neumann and O. J. Bosch, unpublished observation).
Thus, it is likely that there is a link between local oxytocin release,
the availability of inhibitory or excitatory amino acids within the
CeA (Ebner et al., 2005; Huber et al., 2005), the activity of the
brain CRH system (Liebsch et al., 1995), the state of anxiety, and
the level of maternal aggression (Gammie et al., 2004).

In contrast to differences in local oxytocin release between
HAB and LAB females, the expression and density of oxytocin
receptors within selected brain regions did not differ, and this has
also been reported for male rats (Wigger et al., 2004). Enhanced
oxytocin receptor mRNA expression (Young et al., 1997), as con-
firmed in lactating HAB and LAB dams (pooled) of this study,
and binding (Insel, 1990; Freund-Mercier et al., 1994) in limbic
brain areas of lactating rats may, in general, contribute to their
complex behavioral adaptations, including an enhanced level of
aggression. However, our data suggest that local oxytocin release
patterns within the PVN and the CeA, rather than differences at
the receptor level, determine the expression of maternal aggres-
sive behavior.
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