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Genetic reduction of noradrenergic function alters social memory
and reduces aggression in mice
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Abstract

Aberrant social behavior is a hallmark of many cognitive, mood, and neurological disorders, although the specific molecular mechanisms
underlying the behavioral deficits are not well understood. The neurotransmitter noradrenaline (NA) has been implicated in some of these
disorders, as well as in several aspects of social behavior in humans and animals. We tested dopamine�-hydroxylase knockout (Dbh−/−)
mice that lack NA in various social behavior paradigms.Dbh −/− mice have relatively normal performance in the elevated plus maze,
light/dark box, and open field test – three measures of anxiety – and a social recognition test. In contrast,Dbh−/− mice displayed a specific
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eficit in a social discrimination task and had a nearly complete absence of resident-intruder aggression. These results indicate th
ignaling is required for some types of social memory and aggression, but that a lack of NA does not greatly affect anxiety in mic
xploration of NA deficits in neurological disease may reveal mechanisms of aberrant social behavior.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Defects in the noradrenergic system have been implicated
n many mood, cognitive, and neurological disorders that

anifest abnormal social behavior, including attention deficit
nd hyperactivity disorder (ADHD), anxiety disorder, psy-
hotic depression, and Alzheimer’s disease. In addition, evi-
ence has been mounting in recent years suggesting that nora-
renaline (NA) also plays an important role in the regulation
f several aspects of social behavior, including social anxiety

1,2], aggression[3,4], and social memory[5–9]. Therefore,
n understanding of the contribution of NA to these behaviors
ay lead to a more detailed comprehension of neurological
isease symptomology and treatment.

A strong connection between NA, anxiety, and other
tress-related disorders has been previously established
1,2,10–14], although the valance of the interaction is the
ubject of some controversy. Stress increases the firing of
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locus coeruleus noradrenergic neurons and induces co
and subcortical NA release, which is associated with anx
like behaviors. Interactions between NA and corticotro
releasing factor (CRF) are thought to activate the ner
system in response to environmental challenge, and dys
tion of these systems is hypothesized to contribute to an
disorders. However, it is important to consider that, dep
ing on neurochemical and environmental influences, ac
tion of the noradrenergic system can be anxiolytic.

The ability to recognize familiar individuals, or soc
memory, is critical to the formation of social groups, rep
ductive behavior, and ultimately, species survival, and
type of memory is impaired in Alzheimer’s disease. NA
pears to be critical for some aspects of social memory
example, lesions of the noradrenergic projections to th
factory bulb in female mice before birth increase canni
ism of newborn pups[5], and genetically engineered fem
mice that lack NA show impaired maternal behavior, w
most pups born to those mothers dying within a few d
of birth [7]. Pharmacological depletion of central NA i
pairs the ability of adult rats to recognize a familiar juven
166-4328/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.bbr.2005.02.005
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whereas pharmacological elevation of NA enhances social
recognition[6,8,9]. These findings strongly suggest that no-
radrenaline plays an important role in regulating the forma-
tion of social memory.

The noradrenergic system also appears to be involved in
aggressive behavior. For example, lesions of the noradren-
ergic system reduce aggression[15–18]. In addition, genet-
ically engineered mice that lack�2C-adrenergic autorecep-
tors, and consequently have increased NA levels, show en-
hanced isolation-induced aggression toward an unfamiliar in-
truder, whereas mice that overexpress these receptors show
the opposite trend[19].

Because anxiety, social memory, and aggression all ap-
pear dependent on central NA, it is likely that NA is a critical
element in the neural pathways that regulate social behav-
ior in general. We hypothesized that mice with genetically
reduced noradrenergic function will display abnormal social
behavior. Specifically, we predicted that mice lacking NA
would display reduced anxiety, impaired social memory, and
low levels of aggression. To test these hypotheses, we ex-
amined these social behaviors in dopamine�-hydroxylase
knockout (Dbh −/−) mice. DBH is the enzyme that con-
verts dopamine to noradrenaline, andDbh −/− mice lack
the ability to synthesize NA and show a complete loss of
noradrenergic function[20,21]. This model of NA depletion
is especially relevant for human disorders because DBH ac-
t
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2.2.1. Elevated plus maze
The elevated plus maze was comprised of two open arms

(25 cm× 5 cm) and two closed arms (25 cm× 5 cm× 5 cm) that
extended from a central platform (5 cm× 5 cm), and was elevated
40 cm from the floor. The apparatus was constructed of clear acrylic
over which black duct tape was applied to the walls and floor, which
prevented slippage on the open arms. Mice were placed individually
in the center square facing an open arm and allowed to explore the
maze for 5 min. An arm entry was counted only when all four paws
were inside the arm. Measures scored included: (1) time spent in
open arms, (2) time spent in closed arms, (3) number of open arm
entries, (4) number of closed arm entries, and (5) number of rears in
closed arms. Percent of time spent in open arms and total number of
entries (to assess locomotor activity) were calculated from the raw
data.

2.2.2. Light/dark test
The light/dark apparatus consisted of a rectangular clear acrylic

box (30 cm× 14 cm× 14.5 cm), which was divided into two com-
partments. White paper was applied to the outside of the walls and
floor of the light compartment (20 cm× 14 cm× 14.5 cm) and the
top was left open. The walls and floor of the dark compartment
(10 cm× 14 cm× 14.5 cm) were covered with black paper and had
a roof constructed of black paper. A removable cardboard divider
that contained a small square opening at floor level (5 cm× 5 cm)
separated the two compartments. Testing was performed under flu-
orescent lighting. Mice were individually placed in the light side
of the box, facing away from the dark compartment, and allowed
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. Materials and methods

.1. Animals

Dbh−/− mice, maintained on a mixed 129/SvEv and C57B
ackground, were developed and generated as previously des

19,20]. Dbh +/− mice have normal catecholamine levels and
ndistinguishable from WT littermates for all previously tested p
otypes[7,21,23]. Therefore, heterozygous (Dbh +/−) littermates
ere used as controls for all experiments in this study. Male
etween 3 and 6 months of age were used for all experiments

Experimental protocols were approved by Institutional Ani
are and Use Committee (IACUC) at Emory University and m

he guidelines of the American Association for Accreditation
aboratory Animal Care.

.2. Behavioral testing

Prior to behavioral testing, mice were group housed
olypropylene cages in the animal colony on a 12 light/12 dar
le (lights on at 07:00). After measures of anxiety were compl
ice were separated and housed individually for at least 1 week

o tests of social behavior and aggression. Three- to six-mont
ale mice were tested in the following battery of behavioral

n the order listed below. All testing was performed during the l
hase. All behavioral tests were videotaped and scored at a

ime by an experimenter blind to their genotype using the Et
vent-recording software (version 1.0 by Hsi-Te Shih).
o explore the apparatus for 5 min. Measures scored include
atency to enter dark compartment, (2) latency to re-enter light
artment, (3) time spent in dark compartment, (4) time spent in
ompartment, and (5) number of light to dark transitions.

.2.3. Open field activity and investigation
The open field apparatus was a circular arena (96.5 cm d

er) with opaque gray plexiglass walls (28 cm high). A perma
arker was used to scribe a smaller circle 18 cm from the wall
ivided the chamber into a smaller inner circle (area =∼3100 cm2)
nd an outer ring (area =∼3800 cm2). Within the inner circle wer

our small PVC cylinders (3.5 cm high, 3.5 cm diameter open
n a random arrangement that were used to measure investi
ehavior of the mice. Mice were placed individually in the ce
f the inner circle and allowed to roam freely about the app

us for 5 min. Measures included: (1) time spent in inner circle
ime spent in outer ring, (3) total number of crossings betwee
ivisions, and (4) number of head pokes into the cylinders.

.2.4. Social recognition
The social recognition test was performed as described[24].

ll mice were individually housed for at least 1 week prior to so
emory testing. For the 2 days prior to testing, mice were habitu

o the stimulus animals (ovariectomized C57Bl6/J females).
as done to reduce the amount of sexual behavior exhibited b
ales during testing. In trials 1–4, a stimulus animal (same an

or all four trials) was placed in the male’s home cage for 1
ith 10 min intertrial intervals. On the fifth trial, a novel stimu
nimal was placed in the male’s cage for 1 min. Investigation
hich included sniffing and close following of the stimulus anim
as scored from videotape. Sexual behavior, such as mountin
ot included in investigation time. Using this method, familiarit
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social memory can be observed as a reduction in investigation time
over the first four trials.

2.2.5. Social discrimination
Several days (3–7) after social recognition testing, mice were

tested in the social discrimination paradigm. In the first trial, a stim-
ulus animal (ovariectomized female) was placed into the male’s
home cage for 5 min and investigation time was measured. Thirty
minutes later, the male was simultaneously exposed to the same
stimulus animal from the first trial and a novel stimulus animal for
5 min. Social memory was assessed by comparing the amount of
time the male spent investigating the familiar animal to the amount
of time spent investigating the unfamiliar stimulus animal.

As a control for the social discrimination test, males were ex-
posed to the same stimulus animal in two trials consisting of 5 min
each with an intertrial interval of 30 min. Social memory was as-
sessed by comparing the time spent investigating the stimulus an-
imal in the second trial to investigation time in the first trial. This
control occurred 3–7 days after social discrimination testing. The
social discrimination test was also performed using females as both
the test and stimulus animals.

2.2.6. Resident–intruder aggression
Males were housed individually for at least 1 week following

social memory testing before aggression was assessed. Aggression
was assessed over three sessions, spaced 2–3 days apart. Males were
exposed to different C57Bl6/J intruder males in each session. An
intruder male was placed in the subject male’s home cage for 5 min.
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Fig. 1. Behavior ofDbh+/− andDbh−/− mice in the elevated plus maze.
Shown is the mean (±S.E.M.) for total arm entries, number of open arm
entries, percent of total time spent in open arms, and number of rears in closed
arms during the 5 min test. No significant differences between genotypes
were found for any measure tested except number of rears in closed arms
(*P< 0.01).N= 12–13 per genotype.

Fig. 2. Behavior ofDbh+/− andDbh−/− mice in the light/dark box. Shown
is the mean (±S.E.M.) for the latency to enter the dark compartment, the
latency to re-enter the light compartment after first entering the dark com-
partment, total number of transitions between compartments, and percent of
time spent in the light compartment during the 5 min test. No significant dif-
ferences between genotypes were found for any measure tested.N= 12–13
per genotype.

the behavior of mice in the light/dark box (Fig. 2). Although
the total number of crossings in the open field test was re-
duced inDbh−/− mice, the percent time in the center field
and number of investigatory head pokes was unchanged in
knockouts (Fig. 3). Taken together, these results indicate that

Fig. 3. Behavior ofDbh+/− andDbh−/− mice in the open field test. Shown
is the mean (±S.E.M.) for the percent of the total time spent in the center
area, the total number of crossings between the center and outer areas, and
the number of head pokes into the cylinders during the 5 min test. Only total
crossings differed between genotypes (*P< 0.05).N= 11–13 per genotype.
easures included: (1) attack latency, (2) attack duration (tota
umber of aggressive bouts, and (4) frequency of tail-rattling.
als that did not attack the intruder were given an attack laten
min. In addition, defensive behaviors, such as flight and defe
upine postures, were scored if observed.

.3. Data analysis

Data from the anxiety experiments were analyzed using
ent’s t-tests when comparing groups of equivalent variance

he Mann–Whitney non-parametric test when comparing grou
nequal variance. Social recognition, social discrimination, an
ial memory data were analyzed by two-way ANOVA with genot
s a between-subjects factor and trial as the within-subjects f
he Student–Newman–Keuls post hoc test was used to analyz
ffects. Aggression data were analyzed by Fisher’s exact test

. Results

.1. Anxiety tests

To assess the role of NA in anxiety-like behavior, we te
he performance ofDbh+/− andDbh−/− mice in three anxi
ty paradigms: the elevated plus maze, the light/dark box

he open field test. For the elevated plus maze, no gen
ifferences were observed for total arm entries, percent
rm entries, or percent time in open arms, althoughDbh−/−
ice tended to spend more time in the open arms (Fig. 1).
bh −/− mice had significantly fewer rears in the clos
rms. Similarly, no genotype differences were observe
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Fig. 4. Performance ofDbh+/− andDbh−/− mice in the social recognition
test. Shown is the mean (±S.E.M.) investigation time of the resident male of
a stimulus female. For each resident male, the stimulus female used in trial
1 was reintroduced in trials 2–4, while a novel stimulus female was used for
trial 5. No significant differences between genotypes were found.N= 12–13
per genotype.

a complete lack of NA does not grossly alter performance in
standard anxiety paradigms in mice.

3.2. Social memory tests

Dbh−/− mice have profound defects in maternal and pa-
ternal behavior[7]. To determine whether these abnormali-
ties extend to social interactions and social memory between
adult animals, we testedDbh +/− andDbh −/− mice for
social recognition and social discrimination. In the first test
(habituation/dishabituation to a social stimulus), maleDbh
+/− andDbh−/− mice were exposed to a stimulus animal
(ovariectomized C57BL6/J female; same animal for four tri-
als) in the male’s home cage for 1 min with 10 min inter-
trial intervals, and social investigation time was measured.
On the fifth trial, a novel stimulus animal was placed in the
male’s cage for 1 min. There was a main effect of trial [F(4,
115) = 14.86,P< 0.01], but not genotype or genotype× trial
(Fig. 4); males of both genotypes reduced investigatory time
upon repeated exposure to the same stimulus female. Males
of both genotypes also increased investigatory time when a
novel female was placed in the cage after four trials with the
same female (Fig. 4).

We next further challenged the social memory of the male
mice by assessing their ability to discriminate between a fa-
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Fig. 5. Performance ofDbh+/− andDbh−/− mice in the social discrimi-
nation test. Resident males were exposed to a stimulus female, and then were
exposed to the same stimulus female and a novel stimulus female simulta-
neously 30 min later. Shown is the mean (±S.E.M.) investigation time of
the resident male of the stimulus female during the pretest (trial 1), and the
familiar stimulus female (trial 2a) and the novel stimulus female (trial 2b)
30 min later.Dbh+/− spent more time investigating the novel female during
trial 2 (*P< 0.05), butDbh−/− mice did not.N= 11–13 per genotype.

+/− males showed a preference for the novel female (Dbh
+/− 0.27± 0.04,Dbh−/− 0.02± 0.06,P= 0.001). No geno-
type differences were observed when only the familiar female
was introduced during the second trial (data not shown). The
social discrimination defect inDbh−/− mice was also ob-
served when females were used as both the test and stimulus
animals (data not shown), indicating that changes in sexual
behavior probably do not contribute to this phenotype. These
results indicate that NA is not required for short-term social
memory of a single stimulus animal, but is critical for distin-
guishing between familiar and novel animals.

3.3. Resident–intruder aggression

To determine whether NA contributes to territorial aggres-
sion, an intruder C57BL6/J male was placed into the home
cage of singly housedDbh +/− andDbh −/− males over
three trials spaced 2–3 days apart. We found thatDbh−/−
mice nearly completely lacked an aggressive response. Dur-
ing the first trial, 6/13 residentDbh+/− attacked the intruder
at least once, and this ratio increased over trials (9/13 for trial
2, 11/13 for trial 3). In total, 12/13Dbh+/−males attacked the
intruder at least once over the three trials and most attacked
the intruder during two or all three sessions. In contrast, only a
singleDbh−/− male out of the 11 tested attacked an intruder
during the entire testing period (P< 0.0001 by Fisher’s exact
t e-
f were
r t
s ion
a id so
f

4

ri-
o s, we
iliar and novel female. A female was placed in the ma
age for 5 min, and investigation time was recorded. T
inutes later, the same female and a novel female were s

aneously placed in the male’s cage, and interaction time
ach female was recorded. There was a main effect o
F(1, 44) = 131.97,P< 0.01], and a strong trend for a gen
ype× trial interaction [F(1, 44) = 3.49,P= 0.07] (Fig. 5).

hile males of both genotype reduced their investiga
ime of the familiar female compared to the first trial, o
bh +/− males spent more time investigating the nove
ale than the familiar female during the second trial (Fig. 5).
hen expressed as a preference score (time spent inve

ng the novel female minus time spent investigating the
iliar female, divided by total investigation time), onlyDbh
-

est). Some residentDbh−/− males displayed primarily d
ensive and submissive behaviors, while these behaviors
arely, if ever, observed in residentDbh +/− mice (data no
hown). The oneDbh−/− male that displayed aggress
ttacked the intruder only during the third session, and d

or a very short time (∼2 s).

. Discussion

We usedDbh−/− mice to assess the role of NA in va
us aspects of social behavior. To summarize the result
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found thatDbh−/− mice have a normal response in three
different anxiety tests, but are deficient in social discrimi-
nation and lack isolation-induced aggression. These results
have implications for the contribution of NA to normal so-
cial behavior and social behavior deficits observed in various
neurological and mood disorders.

4.1. NA and anxiety

NA is thought to play a central role in stress responses,
including anxiety. Both the peripheral and central noradren-
ergic systems respond to stress by increasing activity and NA
release. Because the locus coeruleus is activated under con-
ditions of increased arousal and salience, this phenomenon
appears to be an adaptive response to prepare the animal to
react to potentially harmful environmental stimuli. However,
chronic stress may cause hyperactivity of the NA response,
leading to anxiety disorders[12]. For example, genetic ab-
lation of �2A-adrenoreceptors, which attenuates noradren-
ergic feedback inhibition via�2A autoreceptor stimulation,
increases anxiety in the elevated plus maze in mice[25]. In-
teractions between NA and neuropeptides such as CRF and
galanin are also thought to contribute to stress responses
[12,26]. Because increases in NA signaling can be associ-
ated with increases in anxiety, a decrease in NA signaling
might be expected to decrease anxiety. For example, cen-
t f the
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respectively, their ability to discriminate between a familiar
and novel female presented simultaneously was impaired.
In support of this result, the NA reuptake inhibitor nisoxe-
tine enhanced social discrimination in rats, while rats with
DSP-4 lesions of the locus coeruleus were unable to dis-
criminate between novel and familiar animals[6,9]. The
neuropeptides oxytocin and vasopressin are also critical for
social memory in rodents[8,24,33]. In rats, oxytocin in-
creases NA release in the olfactory bulb, and NA signal-
ing appears to be required for oxytocin to modulate social
memory. Strikingly, either neurotoxic depletion of NA or
infusion of an�-adrenoreceptor antagonist in the olfactory
bulb abolishes the preservation of social recognition by oxy-
tocin [8,34]. Therefore, some forms of social memory de-
pend on interactions between NA and neuropeptides. This
may be of particular relevance to the loss of social recogni-
tion observed in Alzheimer’s disease because of the profound
loss of locus coeruleus NA neurons observed in post mortem
Alzheimer’s brains, which correlates with degree of dementia
[35–37].

4.3. NA and aggression

The most robust and striking behavioral phenotype ob-
served in this study was the nearly complete lack of aggres-
sive behavior inDbh−/− mice, suggesting that NA is re-
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ral administration of adrenergic antagonists or lesions o
ocus coeruleus in rats reduced anxiogenic effects in the
ated plus maze[27,28]. We found no significant differenc
n anxiety-like behavior ofDbh −/− mice in the elevate
lus maze, light/dark box, or open field test, althoughDbh
/− mice tended to spend more time in the open arms o
levated plus maze and took less time to re-enter the
ide of the light/dark box. One explanation for the lack
robust decrease in anxiety-like behavior in the knock

s thatDbh−/− mice have reduced exploratory activity
ovel environments.Dbh−/− mice have decreased locom

or activity in novel situations[29], and displayed fewer rea
n the elevated plus maze and total crossings in the open
this study). DSP-4 lesioned rats show a similar neoph
henotype[30]. Another important point to consider is th
epending on the strain of animal used and the testing
itions, NA depletion can also increase or have no effec
nxiety[14]. Thus, while it appears that excessive NA s
aling is usually anxiogenic, a lack of NA signaling is
ecessarily anxiolytic.

.2. NA and social memory

NA has been implicated in many types of learning
emory, including social memory. Attenuation of NA s
aling via lesion or adrenergic antagonist causes pregn
lock in rats, andDbh −/− mice lack parental behavio

wo behaviors dependent on social memory[7,31,32]. We
ound that whileDbh −/− mice habituated and dishabi
ted investigatory behavior of a familiar or novel fem
uired for resident–intruder/intermale aggression. In sup
f this hypothesis, NA is released during aggressive enc

ers[38,39], and aggression is enhanced by increases in
ignaling such as treatment with the NA reuptake inhibito
ipramine and in�2C-adrenoreceptor knockout mice with i
aired noradrenergic negative feedback control[17,19]. Con-
ersely, NA depletion or�-adrenoreceptor blockade redu
solation-induced aggression, although other forms of ag
ion can be enhanced[17,18]. In contrast with our results,
ositive correlation was found between locus coeruleus

oss and aggressive behavior in Alzheimer’s disease pa
40]. One possible explanation is that adrenergic rece
upersensitivity caused by NA loss in Alzheimer’s dise
nd an excessive response to NA release may occur
ome conditions. Our preliminary results suggest a hype
itivity of central�-adrenergic receptors inDbh−/− mice,
ut in contrast to the persistence of some NA and activa
f adrenergic receptors in Alzheimer’s disease patients,Dbh
/− mice have no ligand whatsoever and a complete abs
f NA signaling, rendering the existence of hypersensitiv
eptors moot. We propose that the use of DBH inhibitors
s disulfiram to treat aggressive behavior warrants furth
estigation.

.4. Clinical relevance

Although preclinical and clinical pharmacological fin
ngs have implicated NA in different types of social beh
or, it has been difficult to define the clinical relevance
hese findings. While a deficit in central NA is postulate
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contribute to cognitive disorders, it has yet to be confirmed
as an underlying cause. In contrast, our results with theDbh
−/− mice have immediate clinical relevance because DBH
enzymatic activity andDbh genotype have been associated
with disease. A common, single base polymorphism in the
promoter region of the humanDbhgene (a C to T change at
position—1021; T allele frequency∼ 0.2) has been identified
that controls serum DBH activity, probably by limitingDbh
transcription. Individuals with one “C” allele and one “T”
allele at position—1021 (CT heterozygotes) have about half
the DBH activity of CC homozygotes, while TT homozygotes
have less than 10% CC activity[22]. Low DBH activity and/or
presence of at least one low activity “T”Dbhallele have been
linked to alterations in behavioral and disease states, includ-
ing attention deficit and hyperactivity disorder[41–44], psy-
chotic depression[45–47], cocaine-induced paranoia[48],
autism[49,50], and Parkinson’s disease[51]. Our results con-
firm and extend the involvement of DBH and NA in social
behavior. This is especially important because many previ-
ous studies have used locus coeruleus lesions as a tool to
understand NA function. One limitation of this approach is
that because the entire neuron is ablated, co-expressed neu-
romodulators are removed in addition to NA, including ATP,
neuropeptide Y, galanin, CART, and BDNF. In contrast, no-
radrenergic neurons and NA co-transmitters are intact inDbh
−/− mice ([52–54]; our unpublished data). Therefore,Dbh
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