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k(EYWORDS Summary The role of vasopressin in aggression received much attention in recent years.
Aggression; However, vasopressin has complex roles on social behavior, which are affected by social experi-
Brattleboro rat; ence, motivation and hormonal background, suggesting that its effects depend on the condition
Impulsiveness; of subjects. This hypothesis was tested here by studying the impact of vasopressin deficiency
Maternal aggression; on aggressiveness in reproductively naive and reproductively experienced males, as well as in
Resident-intruder lactating females, with special reference to the patterns and contexts of attack behavior. We
test; also studied effects on impulsiveness, a behavioral feature strongly related to aggression. Vaso-
Vasopressin pressin deficiency did not affect aggressiveness in reproductively experienced males, decreased

the share of violent attacks in reproductively inexperienced males without affecting total attack
counts, and suppressed maternal aggression in both early and late phases of lactation; violent
forms of attack were decreased in the latter but not the former phase. Changes in aggression
appeared unrelated to general changes in maternal behaviors. Impulsivity in the delay discount-
ing task was markedly decreased by vasopressin deficiency in lactating females but not males.
Taken together, our findings confirm that vasopressin has an impact on aggressiveness, but show
that this impact depends on the condition of subjects, and suggest that the effects of vaso-
pressin on maternal aggression develop in conjunction with impulsivity. Interestingly, overall
effects on aggression and specific effects on violent attacks dissociated in both males and
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females, which hints to the possibility that vasopressin has distinct roles in the development of

escalated forms of aggression.

© 2014 Published by Elsevier Ltd.

1. Introduction

The first evidence on the role of vasopressin in aggressive
behavior comes from the study by Ferris and Potegal (Ferris
and Potegal, 1988; Ferris et al., 1997), who showed that
vasopressin receptor blockade in the anterior hypothalamus
(a brain region crucially involved in aggression control, see
Haller, 2013 for a review) specifically reduces aggression
in hamsters. Subsequent studies confirmed these findings.
Aggressive interactions increase vasopressin release in par-
ticular brain regions (Compaan et al., 1993; Beiderbeck
et al., 2007; Gobrogge et al., 2009; Neumann et al., 2010;
Veenema et al., 2010; Bosch, 2013; Cordero et al., 2013),
while vasopressin released by aggressive encounters pos-
itively affected the expression of aggressive behaviors in
a variety of paradigms and species (maternal aggression
ANephew et al., 2010; Bosch and Neumann, 2012); resident-
intruder test (Cervantes and Delville, 2007; Carrillo et al.,
2011); predator defense (Griebel et al., 2002); play-fighting
ACheng and Delville, 2009)). The inhibition of vasopressin
V1a and V1b receptors have similar effects on both mater-
nal and male aggression (Ferris and Potegal, 1988; Caldwell
and Young, 2009; Bosch and Neumann, 2012; Stevenson and
Caldwell, 2012), while the level of V1a receptor expression
in particular brain areas correlates positively with aggres-
siveness (Gobrogge et al., 2009; Caughey et al., 2011). It
occurs that vasopressin affects human aggression in a sim-
ilar manner (Coccaro et al., 1998; Zai et al., 2012). Taken
together, these findings suggest that vasopressin is involved
in the positive modulation of aggressiveness.

However, the link between aggressiveness and vaso-
pressin neurotransmission is not as clear-cut as the above
review of findings suggests. Firstly, the effects of vasopressin
are strongly brain area dependent; e.g. vasopressin neu-
rotransmission in the lateral septum and bed nucleus of
stria terminalis promote and inhibit, respectively, aggres-
sive behavior (Veenema et al., 2010; Kelly and Goodson,
2013). Secondly, and more importantly for the present study,
the effects of vasopressin release depend on the char-
acteristics of, and type of aggressive behavior shown by
subjects. E.g., the dramatic increase in adult aggressiveness
induced in hamsters by repeated defeats during adoles-
cence was associated with reduced vasopressin content in
the anterior hypothalamus, a key region of aggression con-
trol (Delville et al., 1998), despite the fact that vasopressin
release in the very same brain area promotes aggressive-
ness in this species (Ferris and Potegal, 1988). Findings on
vasopressin neurotransmission in the lateral septum were
similarly model-dependent. Rats selected for low anxiety
show high levels of aggression, attack vulnerable body
parts of their opponents (head, throat and belly), and
attack females and narcotized opponents, demonstrating
strongly disturbed aggressive behavior (Neumann et al.,

2010; Beiderbeck et al., 2012). In these rats, vasopressin
release in the lateral septum was decreased, and the local
administration of vasopressin did not affect aggressiveness
(Beiderbeck et al., 2007), despite the fact that vasopressin
release in the same brain area strongly promoted aggression
in rats not selected for anxiety (Veenema et al., 2010). In a
recent study, plasma levels of vasopressin showed a positive
correlation with aggressiveness in female rats repeatedly
submitted to stressors in puberty, while a negative correla-
tion was seen in controls (Cordero et al., 2013). Finally, the
effects of vasopressin on aggression also depend on housing
conditions and gender (Gutzler et al., 2010).

The findings briefly reviewed above show that the role
of vasopressin in aggressive behavior may be dramatically
changed by the condition of, and the type of aggression
shown by subjects. Discrepancies of this kind are usu-
ally interpreted in terms of differences in experimental
methodologies, which, however, are unlikely to have a major
role here, because contrasting findings were obtained by
overlapping sets of authors or within the same study. Dis-
crepancies are more likely due to the complex impact of
vasopressin on social behavior, which includes roles in social
recognition, communication and motivation; in addition, its
effects depend on social experience, hormonal background
(e.g. testosterone), and other modulating neuronal inputs
(e.g. serotonin) (Delville et al., 1996; Neumann et al., 2010;
Stevenson and Caldwell, 2012; Takahashi et al., 2012). This
suggests that the modulation of neuronal functions by vaso-
pressin has integrating roles in aggression control, inherently
involving strong dependence on conditions. This hypothe-
sis was tested here by comparatively studying the effects
of vasopressin deficiency in reproductively naive and repro-
ductively experienced males, as well as in lactating females,
with special reference to the forms and contexts of attacks
displayed. Such subjects and their aggressiveness are nat-
urally highly different; therefore, no comparisons between
subject categories were performed. The role of vasopressin
was inferred from the ability of vasopressin deficiency to
affect aggressiveness in subjects having one particular back-
ground or gender. To investigate aspects of motivation, we
also studied the role of vasopressin in impulsiveness, a
behavioral feature strongly related to aggressiveness in both
animals and humans (Scarpa and Raine, 1997; Cervantes and
Delville, 2007). Noteworthy, recent findings from our labo-
ratory demonstrated the role of vasopressin in controlling
impulsivity in lactating but not in virgin females (M. Aliczki,
A. Fodor, Z. Balogh, J. Haller, D. Zelena, unpublished obser-
vations).

The behavioral effects of vasopressin were studied here
by using congenitally vasopressin-deficient (—/—) Brattle-
boro rats, which are unable to secrete vasopressin due to
a point mutation in the vasopressin gene. Non-deficient
A+/+) Brattleboro rats were used as controls. Vasopressin
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Vasopressin, aggression and impulsiveness

deficient rats are the functional equivalents of V1a-V1b
double knockout mice generated to study the behavioral
consequences of totally compromised vasopressin neuro-
transmission (Yamaguchi et al., 2013), and are frequently
employed to elucidate the role of vasopressin in various
behaviors (Aarde and Jentsch, 2006; Fodor et al., 2012;
Berquist Ii et al., 2013). Both V1a and V1b receptors are
involved in the positive modulation of aggressive behavior
(Albers, 2012; Stevenson and Caldwell, 2012) as such, no
interference from receptor subtypes is to be expected from
the elimination of vasopressin secretion in -/ — Brattleboro
rats.

2. Methods

2.1. Animals

Vasopressin deficient and non-deficient Brattleboro rats
came from a colony maintained in our Institute. The breed-
ing stock was started from breeder rats provided by Harlan
Laboratories (Indianapolis, USA); the vasopressin deficient
and non-deficient lines were cross-bred for multiple genera-
tions to homogenize their genetic background. In all studies,
litters were culled to 3 females and 3 males after parturi-
tion because litter size and offspring gender affect maternal
behavior which can influence the behavior of offspring in
adulthood (Moore and Morelli, 1979; Dimitsantos et al.,
2007). The parents of #/+ male rats used in this study were
homozygous for the non-mutated gene, while —/— subjects
originated from breeding pairs composed of -/ — fathers and
+/— mothers (Zelena et al., 2009). As such, the mothers of
males (experiments 1 and 2) either belonged to the +/— or to
the +/+ genotype, the behavior of which is highly similar i.e.
the behavior of offspring was not affected by differences in
maternal care. In experiment 3 where females were studied,
another confounding variable was also eliminated by pairing
#/+ mothers with —/— females or —/— mothers with +/+
males. Particularly, it was shown that the genotype of off-
spring may affect maternal behavior (Wolf and Wade, 2009);
due to the genotype of parents, offspring always belonged to
the +/— genotype, which eliminated maternal bias engen-
dered by the genotype of offspring. Maternal genotype
was also balanced across experimental groups. Intruders
(stimulus animals) used in aggression testing were male Wis-
tar rats weighing approximately 250—300¢g (Charles River,
Hungary).

Rats were kept in a controlled environment (23 +1°C,
20—70% humidity), in a 12:12h day:night schedule for at
least 10 days prior experimentation. Rats were housed in
Makrolon cages (40 x 25 x 25cm) containing sawdust bed-
ding (Charles River, Hungary) and were given commercial
rat chow (Charles River, Hungary) and tap water ad libitum.
Because of excessive urination of —/— animals, the bedding
material was changed every second day for all animals dur-
ing experimentation i.e. last time 2 days prior aggressive
encounter. All studies were carried out in accordance with
the European Communities Council Directive of 24 November
1986 (86/609/EEC) and were reviewed and approved by the
Animal Welfare Committee of the Institute of Experimental
Medicine, Budapest, Hungary.

2.2. Behavioral tests

.2.1. The resident-intruder test in males

All tests assessing aggressive behavior were conducted in the
early hours of the dark (active) phase as levels of aggression
have been shown to be higher in this period (Haller et al.,
2000). Subjects were faced with smaller Wistar opponents
for 20 min in their home-cage. The encounter was performed
under dim red illumination. Behavior was video recorded
and scored later by an experimenter blind to treatment
conditions. Behavioral analysis focused on the consumma-
tory phase of aggressive behavior i.e. on biting attacks. In
addition to quantitative measures (e.g. attack counts and
latency), qualitative measures (attack type and context)
were also recorded. The reason was that the impact of
vasopressin on aggression seemed to depend on the form of
attack performed by subjects in earlier studies (see Section
1). Attack episodes were analyzed in detail at low speed
(frame-by-frame when necessary) for identifying the type
of attacks. Hard and soft, vulnerable and non-vulnerable,
as well as socially signaled and non-signaled attacks were
differentiated. An attack was identified as hard bite when
it involved kicking (clinch fights) or induced a strong startle
response in the intruder (jumps or immediate submission).
Soft bites were not associated with kicking and induced
no response or mild quivering only. An attack was consid-
ered a vulnerable area-attack if it targeted the head (areas
anterior to the ears), throat (the ventral area below the
ears), belly (ventral areas between legs), or the paws of the
opponent. The back and the flanks (posterior to the ears
and dorsal to the legs) were considered non-vulnerable tar-
gets. An attack was considered signaled if it was delivered
within an aggressive context (i.e. it was preceded by aggres-
sive grooming, lateral threat, chasing, wrestling, offensive
upright, and dominant posture), and it was considered non-
signaled if it was performed within a non-aggressive context
(e.g. it was preceded by exploration, self-grooming or social
investigation). Similar approaches were employed earlier
(Halasz et al., 2009; Toth et al., 2012).

2.2.2. The maternal aggression test

Lactating female rats were faced with a male Wistar oppo-
nent in their home-cage on lactation days 5—6 and 18—19.
The encounter lasted 10 min because of the severity of the
maternal attacks. The behaviors recorded were similar to
those investigated in the resident/intruder test. Behavior
was video-recorded for 20 min after the termination of the
encounter, during which the spontaneous maternal behav-
ior of dams was recorded (time spent with nursing, and
licking-grooming the pups).

2.2.3. The delay discounting task

Jhe task was conducted in automated operant chambers
equipped with two nose-poke holes with infrared sensors
and LED lights, a chamber light and a feeder device with
a magazine where food pellets were dropped (Med Asso-
ciates, St. Albans, USA). Chambers were individually placed
into sound attenuated wooden cubicles and were computer-
controlled yia the Med-PC IV software (Med Associates, St.
Albans, VT, USA). 12 operant chambers were used i.e. 12
rats were tested in parallel; the apparatus was cleaned with
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ethanol and dried before each trial. The procedure was sim-
ilar to that employed by Adriani et al. (2003). The feeding
of subjects was restricted throughout the study to increase
their motivation for food rewards. During the training phase
animals were daily placed into the chambers for 30 min
on 5 consecutive days. Nose-pokes (responses) into one of
the holes was rewarded with one 45mg food pellet (small
reward), while responses on the other hole resulted in five
food pellets (large reward). Both types of reward were pre-
sented immediately after the response and were followed
by a 25 s timeout period when responses were not rewarded
but were registered. The side (left or right) of the nose-
poke hole associated with the large reward was balanced
over subjects. All rats developed a strong (90—95%) prefer-
ence for the side that was associated with the large reward.
The test phase was performed 2 days after the last training
session and lasted 8 days. The procedure was similar to that
described for the training phase, but a delay was inserted
between nose pokes and the delivery of the large rewards.
Small rewards were delivered without a delay. The delay of
large reward was progressively increased over subsequent
days (delays were 10, 20, 30, 45, 60, 80, 100, and 120s pn
testing days 1, 2, 3, 4, 5, 6, 7, and 8, respectively). Nose
pokes performed during delays and timeout periods were not
rewarded but were recorded. Due to the delay in delivery,
subjects gradually shifted their preference from the large
reward to the immediate small reward. This shift (small
reward preference) is considered an indicator of impulsive
responses. An additional measure of impulsiveness was the
number of inadequate responses i.e. the sum of responses
shown during timeouts and delays.

2.3. Experimental design

The impact of vasopressin deficiency on aggressive behavior
was tested in three experiments involving three differ-
ent conditions: younger reproductively inexperienced, older
reproductively experienced males and lactating females. In
gexperiment 1, initially group housed, 3 month-old #/+ and
—/— males were transferred into individual cages (body
weight: 381.1+11.2¢g and 313.9+12.5g, sample size: 10
and 8, respectively). This procedure assists the develop-
ment of territorial behavior and aggressiveness. Subjects
had no reproductive experience and were experimentally
naive. The resident/intruder test was performed 3 days
later as described above. The subjects of gxperiment 2
were reproductively experienced #/+ and —/— male rats
(body weight: 601.0+17.5gand 461.3 +15.5g, sample size:
6 and 9, respectively). Rats were kept together with a
female for about 5 months, during which the pair deliv-
ered several litters. Subjects were 7/—8 month-old by the
time of aggression testing. They were transferred to test
cages (41.3 x 26 x 29.5cm) 3 days before experimentation;
females and pups were removed from the cage 1h before
resident/intruder testing. Experiment 3 investigated the
impact of vasopressin on maternal aggression. Subjects were
3 month-old primiparous #/+ and —/— female rats (sam-
ple size was 13 and 10, respectively). Animals were tested
for maternal aggression on both the 5thi-6th and 18th—19th
day of lactation, because the level of maternal aggression
shows considerable changes over the lactation period, and

the effects of vasopressin also change over time (Nephew
and Bridges, 2008; Nephew et al., 2010). Body weights
were 259.1+4.3g (+/+) and 250.5+10.0g (—/—) in the
early, and 269.2 +£4.7g (+/+) and 274.3+8.3g (—/—) in the
late phase of lactation. Subjects were moved to test cages
(41.3 x 26 x 29.5cm) 3 days before the first aggression test-
ing, and were maintained there for the rest of the lactation
period.

The impact of vasopressin deficiency on impulsiveness
was investigated in a different set of rats submitted to
the delay discounting task. Subjects were 3 month-old
reproductively and experimentally naive male and 3 month-
old experimentally naive primiparous lactating female rats
(experiments 4 and 5, respectively). Sample size was 10 per
group in both experiments. Subject selection for this type
of testing was guided by the findings of the aggression tests.

2.4, Statistical analysis

Data were expressed as mean+SEM. Data obtained in
the resident-intruder test were analyzed by single-factor
ANOVA. Data obtained in the maternal aggression and
delay discounting task were analyzed by repeated measures
ANOVA; Factor 1 was time whereas Factor 2 was genotype.
Pairwise comparisons were made by the Duncan test where
the main effects were significant. The results of post hoc
comparisons underwent Bonferroni correction (Holm’s pro-
cedure) for multiple comparisons. The level of significance
was set at p<0.05.

3. Results

3.1. Aggressive behavior

Reproductively inexperienced +/+ and —/— males delivered
a similar number of attacks after a similar latency (counts:
Feenotype(1,16)=0.06; p=0.81; latency: Fgenotype(1,16) =0.09;
p=0.76; Fig. 1). Thus, vasopressin deficiency did not change
the overall level of aggressiveness. However, a marked
decrease in hard bites was noticed in vasopressin defi-
cient rats. While attacks delivered by controls were hard
bites in over 50% of cases, similar bites were delivered by
about 10% of ~/— rats (Fgenotype(1,16) =5.17; p=0.037). The
share of vulnerable and non-signaled attacks was low and
was not affected by vasopressin deficiency (vulnerable area
attacks: Fgenotype(1,16) =0.37; p=0.54; non-signaled attacks
Feenotype(1,16) =0.06; p=0.81; Fig. 1). Thus, vasopressin defi-
ciency decreased the intensity of aggression by dramatically
lowering the share of hard bites in reproductively inexperi-
enced rats.

Reproductively experienced males showed considerably
higher levels of aggression as shown by both attack counts
and the share of hard bites (Fig. 1). No genotype dif-
ferences were noticed at any of the variables recorded.
Attack latencies were somewhat larger in vasopressin-
deficient males; however, the difference was not significant
(Feenotype (1,13) =3.25; p=0.094). In addition, the marginal
delay in the initiation of attacks did not affect other mea-
sures of aggression (f values were between 1.35 and 0.01;
corresponding p values were between 0.26 and 0.92 for
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Figure 1 The effects of vasopressin deficiency on aggression in males. AVP, vasopressin; *p <0.05.

other variables). Thus, vasopressin deficiency had no impact
on aggressiveness in reproductively experienced males.

Maternal aggression was extremely strong in the early
phase of lactation and decreased but remained intense
in the late lactation period (Fig. 2). Note that the dura-
tion of the test was 10min, while the resident/intruder
test in males lasted 20min. Vasopressin deficiency had
a strong effect on aggressiveness throughout. Attack
counts decreased over time (Fime(1,21)=40.11; p=0.0001)
and were smaller in —/— females (Fgenotype(1,21)=6.08;
p=0.022); the interaction between factors was not sig-
nificant (Finteraction(1,21)=3.33; p=0.08). The same was
seen with attack latencies (Fime(1,21)=18.62, p=0.0003;
Fgenotype(1 ,21)=7.04, p=0.014; Finteraction(1,21) = 3.84;
p=0.06). There was an interaction between factors in the
case of hard bites (Fgenotype‘time(1,21)=7.15; p=0.014) and
vulnerable area bites (Fgenotype'time(1,21)=6.85; p=0.016).
In both cases, a decrease was noticed in vasopressin-
deficient rats in the late phase of lactation (p<0.002
for both variables). Non-signaled attacks were affected
by lactation phase only (Fime(1,21)=7.21; p=0.013;
Fgenotype(1 ,21)=0.66, p=0.42; Finteraction (1,21) =2.83;
p=0.11). Thus, maternal aggression was strongly affected
by vasopressin deficiency; the effect was stronger in late
phases of lactation when both quantitative and qualitative
measures of attacks were altered.

3.2. Spontaneous maternal behavior after the
aggression test

In the early phase of lactation, vasopressin deficient moth-
ers spent significantly less time above the nest (nursing:
(Fgenotype (1,20) =6.84; p=0.016) and the duration of licking-
grooming behavior was also reduced (Fgenotype(1,20)=4.77;
p=0.041). No similar differences were observed in late lac-
tation (Table 1).

3.3. The delay discounting task

In males, increasing delays in large reward delivery
increased the preference for the immediate small reward
(Faelay(7,126) =32.52; p<0.0001). The change was signif-
icant for delays larger than 30s, Vasopressin deficiency,
however, had no impact and there was no interac-
tion between the factors (Fgenotype(1,18)=0.01; p=0.98;
Finteraction(7,126) =0.64; p=0.72; Fig. 3). The same pattern
of main effects was observed for inadequate responses
(Faelay(7,126) =7.37, p=0.0001; Feenotype (1,18) =0.52;
p=0.47; Finteraction(7,126)=0.76; p=0.62). No significant
changes were seen between the first and the rest of the
testing phase days.
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Figure 2  The impact of vasopressin deficiency on maternal aggression. AVP, vasopressin; #, significant differences between early
and late lactation period; *, significant genotype differences. In both cases, p was smaller than 0.05.

The delay in large reward delivery increased the pref-
erence for the small reward in lactating females as
well (Felay(7,126)=22.09; p=0.0001; Fig. 3). This time,
however, the effect of genotype was also significant
(Fgenotype(1,18)=5.13; p=0.036). No interaction between
factors was observed (Finteraction(7,126)=1.02; p=0.42);
therefore, group differences were also shown as average
preferences for the small reward (see upper right-hand
panel of Fig. 3). It is noteworthy, however, that small reward
preference increased significantly in controls at delays
longer than 30, while the same shift in preferences occurred
in /- rats at delays longer than 80s (Fig. 3, upper right-
hand panel). The interaction between factors was significant
in the case of inadequate responses (Finteraction(7,126) =6.20;
p=0.0001). Such responses increased toward the end of the
testing phase in controls. No increase was seen in .~/ — rats;

Table 1

the two genotypes showed significant differences at delays
longer than 60's,

Taken together, these findings show that impulsivity-
related measures of the delay discounting task were not
affected by vasopressin deficiency in reproductively inex-
perienced males, but impulsivity was strongly decreased in
vasopressin-deficient lactating females.

4. Discussion

We tested here the dependence of the vaso-
pressin/aggression relationship on the gender and
reproductive state of subjects. In an attempt to cor-
roborate this interaction with other behavioral features
controlled by vasopressin, we also studied impulsiveness.

Maternal behavior over the 20 min that followed the 10 min-long aggressive interaction.

Lactation phase Genotype Duration of maternal behavior (s)
Nursing Licking-grooming
5thi-6th day +/+ 686.4 + 108.9 334.2 +71.9
= 325.4 4+ 75.5 136.1 + 31.17
18th—19th day +/+ 316.0 + 113.6 95.1 + 33.0
= 360.8 + 136.5 98.0 &+ 45.1

) Significant genotype differences (p <0.05).
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Vasopressin deficiency-induced changes in impulsivity as shown by the delay discounting task. AVP, vasopressin; #,

significant changes induced by large reward delay; *, significant genotype differences. In both cases, p was smaller than 0.05.

The disruption of vasopressin synthesis strongly decreased
aggressiveness in lactating female rats, decreased the share
of violent attacks in reproductively inexperienced male
rats, and had no effect on aggressiveness in reproductively
experienced males. Impulsivity as measured by the delay
discounting task was markedly decreased by vasopressin
deficiency in lactating females but not in males.

Earlier findings show that the impact of vasopressin on
aggressive behavior is not only modulated by the condi-
tion of subjects, but this may even change the direction of
the interaction. E.g. the positive modulation of aggressive-
ness by hypothalamic vasopressin seems inverted in subjects
repeatedly defeated in adolescence (Ferris and Potegal,
1988; Delville et al., 1998), and the correlation between
plasma vasopressin and aggressiveness was reversed also in
female rats exposed to stressors in adolescence (Cordero
et al., 2013). The aggression-promoting role of vasopressin
in the lateral septum was lost in rats selected for anxi-
ety (Beiderbeck et al., 2007; Veenema et al., 2010). In the
present study, the vasopressin/aggression relationship was
not reversed by the condition of subjects, but the findings
confirm the modulating impact of the latter on the former.
Basal levels of aggressiveness did not seem to have a role
either. While the level of aggressiveness increased in the
order ‘‘reproductively inexperienced males’’ < ‘‘maternal
aggression in late lactation’’ < *‘reproductively experi-
enced males’’ < ‘‘maternal aggression in early lacta-
tion’’, the impact of vasopressin deficiency increased
in the order ‘‘reproductively experienced males’’ (no

effect) < *‘reproductively inexperienced males’’ (qualitative
changes in aggression) < ‘‘maternal aggression in early lac-
tation’’ (quantitative changes) < ‘‘maternal aggression in
late lactation’’ (both quantitative and qualitative changes).
Thus, the impact of vasopressin on aggressiveness appears
to be modulated by factors other than basal aggressiveness.
We acknowledge, however, that age may have been a con-
founding factor in the case of males, as age has an impact
on aggressiveness (Honess and Marin, 2006); therefore, one
cannot rule out that the interaction between vasopressin
and aggressiveness was age-dependent.

ender and reproductive state seem to be among the
main factors that affected the impact of vasopressin on
aggression. No effects were observed in reproductively
experienced males, while the number of violent attacks
(hard bites) was dramatically reduced by vasopressin defi-
ciency in reproductively inexperienced males. This raises
the possibility that testosterone production (largely differ-
ent in these two types of animals) had an impact on the
effects of vasopressin deficiency in males. Vasopressin sta-
tus per se does not affect testosterone production (Szot
and Dorsa, 1993); as such, the effects observed in our
study are unlikely to be mediated by this endocrine route.
Nevertheless, vasopressin and testosterone affect aggres-
siveness interactively (Delville et al., 1996; Neumann et al.,
2010; Albers, 2012; Stevenson and Caldwell, 2012; Takahashi
et al., 2012). One can hypothesize that the lack of effect
in reproductively experienced males was due to the high
testosterone plasma levels typical to their condition, which
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made them less sensitive to the modulating effects of vaso-
pressin; in sexually inexperienced males where the plasma
levels of testosterone are lower, the relative importance
of vasopressin likely increases. Alternatively, brain area-
specific effects of vasopressin (which are opposite in certain
cases as amply discussed in Section 1) may cancel out each
other, and this phenomenon may be stronger in sexually
experienced males.

Considerably stronger effects were obtained in lactat-
ing females, where the vasopressin system is activated
by parturition and lactation, and plays important roles in
maternal behaviors (Landgraf et al., 1991; Walker et al.,
2001; Bosch and Neumann, 2012). Our findings confirm these
findings; nevertheless, maternal behaviors were decreased
by vasopressin deficiency in the early phase of lactation only,
while maternal aggressiveness was reduced in both phases,
suggesting that various aspects of maternal behaviors are
independently controlled by vasopressin. Our further data
suggest that the effects of vasopressin deficiency on mater-
nal aggression were mediated by the strong impact of
vasopressin deficiency on impulsiveness. Noteworthy, impul-
sivity is one of the factors that affect aggressiveness in both
animals and humans, and their co-occurrence was observed
in several transgenic lines (Garza-Trevino, 1994; Brunner and
Hen, 1997; Scarpa and Raine, 1997; Chiavegatto and Nelson,
2003; Cervantes and Delville, 2007). No similar interactions
were seen in reproductively inexperienced males, where
vasopressin still influenced aggression. One reason might be
that the level of aggressiveness per se (as shown by bit-
ing attack counts and attack latency) was not altered in
these subjects, while the forms of attack may not depend on
impulsiveness. Alternatively, the triple interaction between
vasopressin neurotransmission, impulsiveness and aggres-
sion is specific to lactating females. Besides impulsivity, one
cannot rule out that the interaction between vasopressin
deficiency and aggression in lactating females was medi-
ated factors other than impulsivity, as delays of increasing
length in the delay discounting task can promote frustration
AEvenden and Ryan, 1996). The clarification of the particular
roles played by impulsivity and frustration sensitivity needs
further studies.

An interesting finding of our studies was the dissociation
of effects on aggression levels and attack patterns. In repro-
ductively inexperienced males, the total number of attacks
was not, while the share of hard bites was decreased by
vasopressin deficiency. In lactating females, the levels of
aggression were decreased at both time-points, while hard
bites and attacks on vulnerable targets were decreased in
late lactation only. Thus, general effects on aggression and
specific effects on violent attacks dissociated in both males
and females. This finding may be relevant for rodent mod-
els of abnormal aggression, where the forms of attack are
in focus (see (Haller and Kruk, 2006) and (Haller, 2013) for
reviews). All the subjects of the present studies showed
natural forms of aggressiveness; yet the above-mentioned
role-reversals of vasopressin were observed in models of
abnormal aggression, and a role for vasopressin in human
aggression was also revealed in personality disordered sub-
jects (Coccaro et al., 1998; Delville et al., 1998; Beiderbeck
et al., 2007; Cordero et al., 2013).

The mechanism by which the developmental absence
of vasopressin affects aggressiveness was not investigated

here. However, it was shown that vasopressin deficiency
affects the brain levels of monoamines in Brattleboro rats
(Dawson et al., 1990). Changes induced in serotonergic neu-
rotransmission appear especially relevant in this respect,
as serotonin per se and its interactions with vasopressin
neurotransmission play important roles in aggression control
(Ferris, 2000; Veenema et al., 2006; Morrison and Melloni,
2014). Therefore, one cannot rule out that the behavioral
changes noticed here are not exclusively due to the lack
of vasopressin but to developmental interactions with other
neurotransmitter systems e.g. serotonin.

Taken together, our findings confirm the role of vaso-
pressin in aggression, show that this role depends on the
gender and reproductive state of subjects and possibly
on their age, suggest that the effects of vasopressin on
maternal aggression develop in conjunction with impulsivity
and/or altered sensitivity to frustration, and hint to the pos-
sibility that vasopressin plays a specific role in violent forms
of aggression, which forecasts roles in the development of
abnormal forms of aggressiveness.
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