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bstract

Autism spectrum disorders (ASD) have been the focus of a great deal of research and clinical speculation. This intense interest relates to both
he perplexing pathogenesis and devastating consequences of these disorders. One of the obstacles to understanding the pathogenesis of autism and
o developing efficient treatment has been the paucity of animal models that could be used for hypotheses-driven mechanistic studies of abnormal
rain and behavior development and for the pre-clinical testing novel pharmacological treatments. In this report, we briefly review our animal model
f ASD based on neonatal Borna disease virus (BDV) infection and present new data about abnormal social interaction in adult BDV-infected rats.
e found that neonatal BDV infection profoundly affected social behaviors in adult rats. Compared to the control rats, both 90- and 180-day-old

nfected rats spent less time in active social interaction and more time in following their partners. In the intruder–resident test, the BDV-infected
esident rats exhibited less aggression towards the intruders and showed more the following-the-intruder behavior. The following-the-partner
ehavior may be an example of “stereotypic” activity due to BDV-induced abnormal social communication between rats. The previously published

esults and present findings indicate that neonatal BDV infection significantly altered the normal pattern of social interaction in rats. Co-localization
f activated microglia and dying Purkinje cells in BDV-infected rats suggests that the BDV model could be used to study a pathogenic link of
urkinje cell dropout and neuroinflammation to abnormal social behaviors.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Autism is a neurodevelopmental disorder that is character-
zed by abnormal social interaction, communication ability,
atterns of interests, and patterns of behavior [23,27]. The eti-
logy and physiological basis for autism are unknown, and
he psychiatric criteria for the diagnosis are based on behav-
oral attributes rather than clinical tests. Evidence firmly links
utism with abnormalities in the cerebellum, the medial tem-
oral lobe, and the frontal lobe [35,36]. Specifically, there is
n emerging pattern of increased cell packing in the limbic

ystem, reduced numbers of Purkinje cells in the cerebellum,
ge-related changes in cerebellar nuclei and inferior olives, cor-
ical dysgenesis, and increased brain size, especially in the young
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utistic child, as measured by head circumference, magnetic
esonance image (MRI) brain volume, and postmortem brain
eight [10,35,36].
These morphologic changes allude to complex neurodevel-

pmental mechanisms operating in autism. The paucity of rel-
vant animal models significantly inhibits experimental studies
f the developmental neurobiology of ASD. Developing ani-
al models for psychiatric conditions is an extremely difficult

ndertaking [14,18,26]. As has been suggested, an “ideal” ani-
al model should resemble the disease in its symptomology,

tiology, biochemistry, and treatment [30,61]. Unfortunately,
ith autism as with other developmental neuropsychiatric ill-
esses, the etiology and the pathogenic mechanisms remain
oorly understood [10,27,36]. Furthermore, since key symp-

oms of human psychiatric conditions are of a cognitive and
anguage nature, it appears impossible to generate a relevant
nimal model that would mimic those abnormalities. However,
f one assumes that animal models are not supposed to exactly
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imic every feature of complex human diseases, our experi-
ental goal of generating an animal model becomes achievable.
good animal model serves to answer a specific question(s)

elevant to the disease. For example, if a genetic mutation
or a neurodevelopmental disorder has been identified, genet-
cally engineered mouse models can be produced to evaluate
ffects of the mutant gene on brain development. Similarly, if
n environmental agent has been found to cause the disease,
aboratory animals can be exposed to that factor to study the
athogenesis of the disease and/or to test potential therapeutic
ompounds.

Since ASD can be caused by different etiologic agents, mul-
iple animal models are needed to better appreciate the complex
athogenic mechanisms. Current animal models of abnormal
eurodevelopment utilize various genetic approaches, physical
d chemical insults, endocrine dysfunction [2,16,17,29,50,51].
nfortunately, there are few animal models of neurodevelop-
ental injury using virus infections [34,42,56] despite the evi-

ence that prenatal and early postnatal viral infections have
een associated with a number of human psychiatric disorders,
ncluding schizophrenia and autism [10,64]. The best associ-
tion to date has been made between congenital rubella and
utism [9]; however, cytomegalovirus and other members of
he herpes virus family have been also associated with autism
28,57,63].

For several years, we have been studying our animal model
f ASD based on early brain injury following persistent central
ervous system (CNS) infection of neonatal rats with an exper-
mental teratogen, a 8.9 kb, non-segmented, negative-strand,
ound, enveloped RNA virus, Borna disease virus (BDV) [6,11].
eonatal BDV infection was first described in the early 1980s by
arayan et al., and Hirano et al., and was further characterized
y Carbone et al. [8,24,32]. Recently, interest in neonatal BDV
nfection has significantly grown when many groups recognized
hat this model provides new insights into the pathogenesis
f neurodevelopmental abnormalities that have been associated
ith perinatal viral insult [19,25,52].
Neonatal BDV infection is produced in newborn Lewis rats

ia intracranial BDV inoculation within 24 h of birth. A few
ays post infection (p.i.), viral antigens and RNA can be found
n the olfactory bulb, hippocampus, frontal cortex and the deep
erebellar nuclei [4,19,20,52]. At about 3 weeks p.i., viral anti-
en can be seen in neurons throughout the brain [20,31]. Both a
educed body weight and a smaller body length have been doc-
mented in BDV-infected rats [3,25,41]. A simultaneous and
roportional BDV-induced decrease in body weight and length
eems to indicate growth retardation.

Neonatal BDV infection induces selective damage to the cere-
ellum. Early infection of Purkinje cells (PC) on days 3–5 p.i. [4]
eads to a gradual loss of these cells over a protracted period of
ime, with about 70% of cells missing by 7 months p.i. [13,43].

continuing degeneration of granule cells of the hippocam-
al dentate gyrus (DG) is another hallmark of BDV infection

8,25,43,60,65]. Degenerating neurons are replaced by astro-
ytes and microglia cells [8,65]. Neonatal BDV has been shown
o also be associated with thinning of the cortex [19,43]. Thus,
eonatal BDV infection causes damage to brain regions that
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ontinue to develop after birth, and may be vulnerable to envi-
onmental insults [1].

The mechanisms of neuronal loss due to neonatal BDV
nfection are unknown. In addition to direct effects of BDV
n neuronal functioning and survival [21,22], a role of solu-
le neurotoxins secreted by activated microglia and astrocytes
as been proposed [25,37,46,52,53,60]. The latter mechanism
s particularly intriguing given a recently described associa-
ion between PC loss and microglia activation in autistic brains
59].

Effects of neonatal BDV infection on development of brain
onoamine system have been also studied [40,44]. Specifically,

levated tissue content and increased numbers of post-synaptic
eceptors for serotonin were found in the cortex and hippocam-
us of BDV-infected rats. These results, along with findings of
ccumulation of synaptic vesicles in the pre-synaptic terminals
n BDV-infected neuronal cultures [22] suggest that BDV may
ffect neuronal transmission by exploiting the vesicular trans-
ort for spreading [7].

Virus-associated structural and neurochemical alterations
ould be responsible for abnormalities in the rat’s behavioral
epertoire. Neonatal BDV infection has been found to be asso-
iated with emotional disturbances characterized by hyper-
eactivity to novel and/or aversive environment [25,39]. Since
he hippocampus plays a major role in the brain mechanisms
f learning and memory [15,48], effects of BDV-induced hip-
ocampal injury on learning and memory have been a focus of
everal studies. Deficient performance in the Y-maze and the
ole board tests, poor performance in the Morris water maze as
ell as attenuated fear conditioning have been documented in
DV-infected rats [12,39,49].

Since BDV affects the brain regions that are involved in the
euronal mechanisms of social activity in rats (e.g., cortex and
erebellum) [33], Pletnikov et al. have assessed social behav-
ors of young BDV-infected rats [38]. We found that the effects
f BDV infection on different social behaviors in young rats
ere variable. For example, compared to control animals, BDV-

nfected rats exhibited attenuated play activity but elevated social
on-play interaction, suggesting alterations rather than a general
nhibition of social behaviors [38].

Here, we sought to further characterize effects of neonatal
DV infection on social behaviors in rats. Specifically, we eval-
ated non-aggressive and aggressive social activities in young
dult and adult rats neonatally infected with BDV. We found
hat neonatal BDV infection affected social behaviors in 90-
nd 180-day-old rats. In the open field test, neonatal BDV infec-
ion significantly decreased the total time of social interaction.
n the resident–intruder paradigm, neonatal BDV infection was
ssociated with significant attenuation of aggressive responses
n the resident rats and freezing behavior in the intruder rats. In
ontrast, in both tests, the following-the-partner behavior was
ignificantly increased in the BDV-infected rats compared to
he control animals. BDV-associated alterations in social activ-

ty were unlikely due to a non-specific decrease in general
xploratory activity since we found no differences between the
roups in the number of approaches to or time spent in exploring
n inanimate object.



Brain

2

2

(
i
w
t
s
w
T
a
w

2

a
w
1
o
a
i
a

2

d
w

•

•

2

t
p
w
b
6
w
o
f
l
a
c

2

t
a
s
t
a

2

a

2

t
p
s
o
4
9
5
t
i
p
t
i
a
b

2

i
m
t
o
s
t
i
n
s
f
t
b
d
m
w
f

2
i

f
U
w
p
w
1
f
i
B
C

2

o
i

3

3

K. Lancaster et al. / Behavioural

. Materials and methods

.1. Animals

Pregnant Lewis rats (16–18 days of gestation) were used in the present study
Harlan, Indianapolis, IN). All rat pups were born and reared in the animal vivar-
um at Johns Hopkins University School of Medicine, Baltimore, MD. Following
eaning, rats were kept in groups of two or three in 45 cm × 26 cm × 23 cm pan-

ype polypropylene cages with paper-chip bedding and an overhead wire grid
upporting food pellets and a water bottle. Cages containing infected animals
ere kept in a DUO-FLOU biosafety cabinet (Bio-Clean Lab Product Inc., NJ).
he sham-inoculated rats were kept in the same room. Rats were maintained on
12/12 h light/dark cycle (lights on at 8 a.m.) and had free access to food and
ater. Room temperature was maintained at approximately 21 ◦C.

.2. Inoculation

BDV stock was prepared from homogenized BDV-infected rat brain tissue
s described elsewhere [8]. Pups were inoculated via 26G needle intracranially
ithin 24 h of birth either with 20 �L of infected brain homogenate (the titer was
04 TCID50/g of brain tissue, CRP3 (He-80) BDV strain) (BDV-infected rats)
r uninfected brain homogenate (control rats, NL). For intracranial inoculation,
rat pup was taken out of the home cage and was anesthetized by placing on

ce until the pup ceased to move. After an injection, the pup was warmed with
warm cloth, and returned to the home cage.

.3. The schedule of the experiments

For all experiments described in this study, male rats were tested at postnatal
ays (PND) 90 or 180. Upon completion of the behavioral experiments, the rats
ere euthanized for histological experiments as described below.

PND 90. The habituation test for 4 days; the object exploration test (1 day);
a brief social isolation (4 days); the social interaction test (1 day); euthanasia
(four rats from each group). All other rats were re-distributed and left in three
per cage until PND 180 without additional tests.
PND 180. A brief social isolation (4 days); the social interaction tests: rats
were tested either in the open field arena (1 day) or in the intruder–resident
test (2 days); euthanasia.

.4. Habituation test

At PND 90, BDV-infected (n = 9) and control (n = 8) rats were habituated
o the open field arena. Habituation was carried out at 16:00–18:00 h and took
lace in a square open field, 50 cm × 50 cm, with 20 cm high opaque plastic
alls. The floor of the open field was divided into 36 sections of equal area
y a series of solid lines forming small squares. A blowing generator produced
0 dB white noise, as measured in the center of the open field. The open field
as illuminated by a 25 W red light bulb mounted 80 cm above the center of the
pen field. Each rat was placed in the center of the open filed box and left there
or 3 min daily for four consecutive days. The rat’s behavior was videotaped and
ater locomotion (ambulation) was scored by the number of sections crossed by
ll four paws. Scoring was performed by an experienced observer blind to the
onditions of the experiments.

.5. Object exploration test

On the day after completion of habituation, a wooden cylinder was placed in
he center of the arena for 5 min. Investigation of the novel object was videotaped
nd was assessed by a trained observer blind to the experimental group of the
ubject. Novel object contacts were measured as “approaches” (examination of
he object with the nose and/or paws) and “exploration time” (time spent in

ctive sniffing of the object).

.6. Social behavior tests

For the social tests below, we used rats that were not used in the habituation
nd object exploration tests.

i
d
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o
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.6.1. Social interaction in the open field
BDV-infected and control rats were individually housed for 4 days to increase

heir social motivation. On the 5th day, two rats from the different groups were
laced in the open field box used in the habituation test, and social and non-
ocial activities of the rats were videotaped for 10 min. The following pairs
f the rats were used—control: control rats (NL–NL: 6 pairs at PND 90 and
pairs at PND 180); control: BDV-infected rats (NL–BDV: 11 pairs at PND

0 and 8 pairs at PND 180); BDV-infected: BDV-infected rats (BDV–BDV:
pairs at PND 90 and 4 pairs at PND 180). At either PND, each rat was

ested only once in either pair. The social activities measured included sniff-
ng (time spent actively sniffing the partner), following (moving to or after the
artner), the number of times paws were on the head of the partner, and the total
ime the rats engaged in positive social behaviors including sniffing, groom-
ng, following, standing, sitting or lying down next to each other. In addition,
ggressive behavior was evaluated by counting the number of the attacks or
ites.

.6.2. Intruder–resident test
For the intruder–resident test, control and BDV-infected rats (residents) were

ndividually housed in the standard cages for 4 days. On the 5th day, an unfa-
iliar rat (intruder) was taken from the regular home cage containing two to

hree rats and was placed in the resident’s cage for 10 min, and all behaviors
f both rats were videotaped. The test was repeated on next day using the
ame resident and intruder rats. The following pairs of rats were tested: con-
rol resident–control intruder (NL–NL, n = 5); control resident–BDV-infected
ntruder (NL–BDV, n = 3); BDV-infected resident–control intruder (BDV–NL,
= 2); BDV-infected resident–BDV-infected intruder (BDV–BDV, n = 6). The

ocial behaviors scored were: sniffing (time spent actively sniffing the partner),
ollowing (moving to or after the partner), the number of times paws were on
he head of the partner, and the total time the rats engaged in positive social
ehaviors including sniffing, grooming, following, or standing, sitting and lying
own next to each other. The number of the aggressive attacks and bites were
easured to evaluate aggressiveness in rats. In addition, the time spent freezing
as scored for each intruder rat. For each resident, a separate intruder was used

or the 2-day test.

.6.3. Histopathological examination and anti-BDV
mmunohistochemistry

Control (n = 6) and BDV-infected (n = 6) Lewis were randomly selected
rom the pool of rats used in behavioral experiments described in this study.
pon completion of behavioral tests, selected rats were deeply anesthetized
ith EUTHASOL (Diamond Animal Health Inc., IA) and perfused with phos-
hate buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde. Brains
ere removed, postfixed for 4 h, embedded in paraffin and cut sagittally into
2 �m-thick sections. Tissue sections were stained with hematoxylin and eosin
or histopathological evaluation. Adjacent sections were stained by avidin–biotin
mmunohistochemistry (Vector, Burlingame, CA) using polyclonal horse anti-
DV antibodies followed by biotinylated anti-horse IgG (Vector, Burlingame,
A) as described previously [43].

.7. Statistical analyses

Analyses of variance were used to evaluate effects of neonatal BDV infection
n the social behaviors in rats. The pair type and/or the test day were used as
ndependent variables. The threshold for significance was set at p < 0.05.

. Results

.1. Habituation in the open field arena
Neonatal BDV infection impaired habituation of ambulation
n the open field. While uninfected control animals exhibited a
ecrease in locomotion over the 4-day period, p < 0.05, BDV-
nfected rats significantly increased locomotion by the last day
f testing, p < 0.05 (Fig. 1).
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Fig. 1. Neonatal BDV infection impaired habituation of ambulation in the open
field. The mean numbers of crossovers for the control (NL) and BDV-infected
(BDV) rats are presented over 4 days of testing. Note habituation of horizontal
locomotor activity in the control rats and the absence of habituation in the BDV-
infected rats. The values are mean ± S.E.M.

Fig. 2. Neonatal BDV infection did not affect exploration of the inanimate
object. The mean time of sniffing the object (the upper panel) and the num-
b
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Fig. 3. Neonatal BDV infection decreased the total time of social interaction.
The mean values of the total time of social interaction in the control–control
pairs (NL–NL), the control–BDV-infected pairs (NL–BDV), and the BDV-
infected–BDV-infected pairs (BDV–BDV) at postnatal day (PND) 90 and 180.
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er of approaches to the object (the bottom panel) are presented for the control
NL) and BDV-infected (BDV) rats. Note comparable levels of exploration of
he inanimate object in both groups of rats. The values represent mean ± S.E.M.

.2. Object exploration test

Neonatal BDV infection did not significantly affect the object
xploration in rats (Fig. 2). An analysis of the data for the number
f approaches to the object showed no effect of the infection
tatus, p > 0.05. Similarly, there was no effect of BDV infection
n the time spent sniffing the object, p > 0.05.

.3. Social interaction
.3.1. Social interaction in the open field
Neonatal BDV infection significantly attenuated social

ehaviors in young adult and adult rats (Fig. 3 and Table 1).
or 90-day-old rats, the time spent sniffing the partner and the

3

B

able 1
ffects of neonatal BDV infection on the rat’s social behaviors in the open field

PND 90

NL–NL NL–BDV BDV–B

Sniffing (s) 291 ± 28* 228 ± 10 141 ±
Following (s) 5.3 ± 2.0 6.8 ± 0.8 24.6 ±
Paws on head 1.3 ± 0.5 3.6 ± 0.5 5.2 ±

bbreviations. NL–NL: control–control pairs; NL–BDV: control–BDV pairs; B
ean ± S.E.M.
* p < 0.05 vs. all other pairs for this type of social activity.
# p < 0.05 vs. the NL–NL or NL–BDV pairs for this type of social activity.
∧ p < 0.05 vs. the NL-NL pair at PND 90.
ote significantly more time of social interaction in the NL–NL pairs compared
o the BDV–BDV pairs. *p < 0.01 vs. the BDV–BDV pairs; #p < 0.05 vs. PND
0. The values represent mean ± S.E.M.

otal time of social interaction were significantly more in the
L–NL pairs compared to all other pairs, p < 0.05 (Table 1). In

ontrast, the time spent following the partner was significantly
ore in the BDV–BDV pairs compared to the NL–NL or the
L–BDV pairs, p < 0.05. No difference between the groups was

ound in the number of paws on head (Table 1).
For 180-day-old rats, the time spent sniffing the partner and

he total time of social interaction were significantly greater in
he NL–NL pairs compared to the other pairs (Fig. 3 and Table 1).
imilar to the 90-day-old rats, the time spent following the part-
er was significantly greater in the BDV–BDV pairs compared
o the NL–NL or the NL–BDV pairs, p < 0.05.

Comparing the time of social interaction between the NL–NL
airs of the two age showed that 180-day-old control rats spent
ignificantly more time sniffing the partner than 90-day-old con-
rol rats did, p < 0.05 (Table 1). Similarly, the total time of social
nteraction was significantly more in the older control rats com-
ared to the younger control rats, p < 0.05 (Fig. 3). In contrast, no
ifferences in the total time of social activity were found between
he two age groups within the NL–BDV or the BDV–BDV pairs,
> 0.05. No difference between the age groups was found for
DV-infected rats or for the rat pairs consisted of control and
DV-infected animals, p > 0.05.
.3.2. The intruder–resident test
In the intruder–resident test, we found no effects of neonatal

DV infection on the following non-aggressive social behaviors:

PND 180

DV NL–NL NL–BDV BDV–BDV

22 441 ± 36∧ 282 ± 21 171 ± 29
6.2# 2.5 ± 0.9 8.2 ± 1.7 16.0 ± 4.7#

1.5 0 ± 0 1.5 ± 0.4 4.2 ± 2.9

DV–BDV: BDV-infected–BDV-infected pairs. The data are presented as
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Table 2
Effects of neonatal BDV infection on the rat’s social behaviors in the resident–intruder test

NL–NL NL–BDV BDV–NL BDV–BDV

Sniffing (s)
Day 1 148.8 ± 47.1 236.5 ± 33.5 227.0 ± 64.0 170.4 ± 19.1
Day 2 110.8 ± 20.5 157.0 ± 55.3 190.0 ± 55.0 164.2 ± 16.1

Paws on head
Day 1 9.2 ± 1.3 7.5 ± 4.5 5.0 ± 2.0 8.7 ± 2.4
Day 2 8.4 ± 1.4 11.7 ± 1.2 26.0 ± 7.0 9.8 ± 1.8

Total social (s)
Day 1 165.2 ± 51.7 279.5 ± 21.5 288.5 ± 24.5 277.0 ± 28.5
Day 2 147.0 ± 45.7 182.0 ± 52.0 230.0 ± 70.0 217.8 ± 18.3

Bites
Day 1 4.4 ± 2.0 2.0 ± 1.0 0 1.4 ± 0.9

1.3
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out the brain, with particularly strong staining being noted in the
cortex, striatum, olfactory bulbs, pyramidal layers of the hip-
pocampus, brainstem, and the nuclei of the cerebellum (data not
shown).

Fig. 5. Neonatal BDV infection attenuated the freezing behavior in rats. The
mean values of time of freezing in the control resident–control intruder pairs
Day 2 3.8 ± 1.2 4.3 ±
bbreviations. NL–NL: control resident–control intruder; NL–BDV: control r
DV–BDV: BDV-infected resident–BDV-infected intruder. The data are presen

he sniffing time, the total time spent in social interaction and the
umbers of paws on heads (Table 2). Neonatal BDV infection
ignificantly decreased aggressive behavior in the BDV–BDV
airs compared to the NL–NL pairs as assessed by the number
f attacks, F(3,31) = 5.1, p < 0.05 (Fig. 4). There was a signif-
cant decrease in the freezing behavior in the intruders from
he BDV–BDV, NL–BDV and BDV–NL pairs compared to the
ntruders from the NL–NL pair, all p < 0.05 (Fig. 5). In contrast,
he BDV-infected residents spent significantly more time in fol-
owing the intruder than the control residents did, F(3,31) = 5.66,
= 0.004 (Fig. 6).

.4. Histopathological findings

At PND 90 and 180, overall histopathological examination
f the H&E stained brain sections showed that neonatal BDV
nfection produced characteristic brain damage, i.e. the complete

egeneration of the dentate gyrus of the hippocampus, thinning
f the neocortex and dramatic loss of the Purkinje cells in the
erebellum (data not shown). Anti-BDV staining of the brain
ections revealed the presence of BDV-specific staining through-

ig. 4. Neonatal BDV infection decreased aggressiveness in adult rats. The mean
alues of the number of attacks on the intruders in the control resident–control
ntruder pairs (NL–NL), the control resident–BDV-infected intruder pairs
NL–BDV), the BDV-infected resident–control intruder pairs (BVD-NL) and
he BDV-infected resident–BDV-infected intruder pairs (BDV–BDV). Note sig-
ificantly more attacks in the NL–NL pairs compared to the BDV–BDV pairs.
p < 0.01 vs. the BDV–BDV pairs. The values represent mean ± S.E.M.

(
B
r
f
p

F
r
p
t
i
g
a

4.0 ± 1.0 2.3 ± 1.1

t–BDV-infected intruder; BDV–NL: BDV-infected intruder–control resident;
mean ± S.E.M.
NL–NL), the control resident–BDV-infected intruder pairs (NL–BDV), the
DV-infected resident–control intruder pairs (BVD–NL) and the BDV-infected

esident–BDV-infected intruder pairs (BDV–BDV). Note significantly more
reezing in the NL–NL pairs compared to all other pairs. *p < 0.01 vs. all other
airs. The values represent mean ± S.E.M.

ig. 6. Neonatal BDV infection increased the following-the-partner behavior in
ats. The mean values of time of following in the control resident–control intruder
airs (NL–NL), the control resident–BDV-infected intruder pairs (NL–BDV),
he BDV-infected resident–control intruder pairs (BVD–NL) and the BDV-
nfected resident–BDV-infected intruder pairs (BDV–BDV). Note significantly
reater time spent following the intruder in the BDV–BDV pairs compared to
ll other pairs. *p < 0.01 vs. all other pairs. The values represent mean ± S.E.M.
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. Discussion

Although BDV has not been implicated in the causation of
utism, neonatal BDV infection is a valuable animal model
f neurodevelopmental damage with relevance to some neu-
opathological and behavioral features of ASD such as devel-
pmental injury of the cortex, hippocampus and cerebellum and
ssociated alterations in emotional, cognitive and social behav-
ors [27,36].

One of the key features of autism is abnormal social interac-
ion [27]. Our previous study demonstrated that neonatal BDV
nfection significantly decreased play activity in post-weaning
ats. The observed attenuation of play in BDV-infected rats was
ssociated with decreased play solicitation and was not related
o a general decline in locomotion or non-social behaviors that
ere, in fact, elevated in BDV-infected animals [38]. The present
ork further evaluated effects of neonatal BDV infection on

ocial behaviors in rats by assessing different types of social
nteraction in adult BDV-infected rats. Neonatal BDV infection
rofoundly affected social behaviors in adult rats. Both 90- and
80-day-old infected rats spent significantly less time in social
xploration of the partner compared to control uninfected rats.
ttenuated social activity in BDV-infected rats was unlikely due

o a non-specific decrease in their general exploratory activ-
ty since control and BDV-infected rats spent the comparable
mount of time exploring the inanimate object and had a greater
ocomotor activity in a novel environment. We hypothesize that
eonatal BDV infection affected the pattern of social activity
n adult rats. For example, although the sniffing time and the
otal time of social interaction were significantly greater in the
L–NL pairs compared to the BDV–BDV pairs, the latter spent

ignificantly more time following their partners. These results
uggest altered rather than decreased social behaviors in BDV-
nfected rats. The hypothesis is consistent with the above data
or play behavior, indicating that abnormal social interaction in
eveloping and mature BDV-infected rats was not a result of a
eneral decrease in social motivation.

The data from the resident–intruder test seem to provide more
vidence for BDV-associated alterations in the social behaviors
n adult rats. The test is based on a brief social isolation that
ncreases social motivation and can facilitate territorial aggres-
iveness in isolated male rats [45]. For example, this treatment
ften elevates the number of aggressive postures; attacks and/or
ites in resident rats towards intruders [62]. In contrast, the
mount of non-aggressive social behaviors exhibited by resi-
ent rats can be decreased. For an intruder, encountering threats
nd aggressive postures by the resident usually evokes freez-
ng to minimize likelihood of attacks [54]. The present results
emonstrate that neonatal BDV infection dramatically changed
he social behaviors in the resident and the intruders. Compared
o the control residents, the BDV-infected resident rats exhibited
ess aggression towards the intruders and, instead, spent more
ime in following the intruder. As a result, the intruder’s freez-

ng behavior was significantly decreased in all pairs with the
DV-infected residents. Thus, neonatal BDV infection appeared

o change the pattern rather than level of social activity in
ats.

f
t
m
c
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In this context, following-the-partner behavior is a good
xample of virus-increased social activity. Indeed, the two dif-
erent tests used in the study consistently demonstrated a BDV-
ssociated increase in following the partner. Given that this
ehavior was significantly elevated in the BDV–BDV pairs
ompared to all other pairs, one could speculate that this “stereo-
ypic” activity could result from abnormalities in social com-

unication between two infected animals. Notably, when the
DV-infected rats were paired with the control rats, the amount
f following significantly decreased, suggesting that responses
f the control partners might modulate social activity in the BDV-
nfected rats. It is in concordance with our previous investigation
f play in young BDV-infected rats that increased the number
f pinning (i.e., a play activity) after pairing with uninfected
artners [38]. Thus, our pervious and present data demonstrate
hat neonatal BDV infection significantly affects social activity
n developing and adult rats by altering the normal pattern of
ocial interaction.

Decreased social communication and an abnormal pattern of
ocial activity (e.g., stereotypy) observed in autism and the BDV
odel raise a question about putative common underlying mech-

nisms. In this context, the available neuropathological data for
utism provide some clues as to where to look for this common
athology. A gradual loss of Purkinje cells (PC) in the cere-
ellum in some groups of autistic patients [5] and a protracted
limination of those cells in neonatally BDV-infected rats might
e one of the hypothetical common neurobiological substrates
nderlying behavioral deficits in BDV-infected rats and autistic
atients.

Recently, the role of the cerebellum in the brain mechanism
f emotion, attention, language and social behavior has been
ncreasingly recognized [55]. Given that PC are the only out-
ut of the cerebellum, it is not inconceivable that damage to
C will lead to major alterations in the neuronal mechanisms
f emotional, cognitive or social behavior. We speculate that
continuing loss of PC in neonatally BDV-infected rats mim-

cs the cerebellar pathology in autism and represents a major
rain substrate of altered social activity. We further hypothesize
hat some pathogenic mechanisms of PC dropout in neonatally
DV-infected rats and autistic brains might also be similar.
pecifically, a recent publication has demonstrated activated
icroglia and astrocytes along with elevated production of pro-

nflammatory soluble factors in cerebella of the autistic patients
59]. These findings are strikingly similar to what has been found
n the cerebellum of neonatally BDV-infected rats [13,25,65]. It
emains unknown if microglia activation plays a causative role in
C dropout or microgliosis is a secondary response to neuronal
eath. We think that neonatal BDV infection is a good experi-
ental system to address this question. If death of PC in autism

nd BDV-infected animals is caused by microglia activation and
nsuing secretion of neurotoxic factors, treatments that inhibit
icroglia activation should have ameliorative effects on a loss of
C. In contrast, if PC death is primarily due to non-inflammatory

actors (i.e., genetic in case of autism and viral replication in
he neurons in case of BDV infection), anti-inflammatory treat-

ents would not significantly improve survival of PC in the
erebellum [47,58]. In addition, if anti-inflammatory treatment
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has beneficial effects on PC death, the BDV model can be used
to test a hypothesis that a gradual elimination of PC may be in
part responsible for abnormalities in social interaction in BDV-
infected rats. Experiments to test the above hypotheses are in
progress in our laboratory and represent a good example of how
animal models can be used to address the specific mechanistic
hypotheses that cannot be tested in patients.

In conclusion, neonatal BDV infection is associated with
abnormalities in social behavior in young and adult rats. Alter-
ations in social activity along with changes in emotional and
cognitive domains can be attributed to developmental brain
damage, particularly degeneration of the dentate gyrus of the
hippocampus and a gradual loss of Purkinje cells in the cerebel-
lum. We believe that the BDV model provides new opportunities
in studying a role of early brain injury and neuro-inflammation
in the pathogenesis of autism-like developmental abnormalities.
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