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Abstract

Neonatal Borna disease virus (BDV) infection of the brain produces developmental damage to the cerebellum in Lewis rats, with
minimal classical inflammatory responses. In the present study, we assessed the consequences of this damage by measuring motor
coordination and postural skills in developing (postnatal days 4 to 30) Lewis rats that were neonatally infected with BDV. Neonatal BDV
infection-induced motor impairments were selective and correlated with the time course of BDV damage to cerebellar development.
BDV-induced motor deficits were not seen until the end of postnatal week 2. By postnatal week 3, BDV-infected rats had deficits in
negative geotropism, fore- and hind limb placing and grasping. BDV-infected rats also exhibited deficits in the ability to hold on to a bar
and to cross a suspended bar. Neonatal BDV infection induced impairments in the acoustic startle response. Compared to controls,
neonatally BDV-infected rats exhibited attenuated habituation of the acoustic startle at postnatal day (PND) 23 and decreased startle
responsiveness at PND 30. Prepulse inhibition of the acoustic startle remained unaltered in BDV-infected rats. The data demonstrate that
neonatal BDV brain infection of rats can be a valuable animal model system for studying the relationship between abnormal brain
development and resultant behavioral deficits. Further studies of this model may elucidate specific pathogenic mechanisms that that may
have implications in the study of neurodevelopmental human disorders. [0 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

A number of human psychiatric diseases are believed to
result from early brain injury following exposure to
various teratogens [20]. Perinatal virus infections, as
teratogens, have been long associated with abnormal brain
development and resultant neurological and behavioral
disorders [21,57]. In most cases, different physiological
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and behaviora alterations were associated with global
brain damage produced by inflammation reactions, en-
cephalitis and/or meningitis [21]. In a few cases of virus
infection, behavioral abnormalities have been linked to
selective brain injuries, alowing the investigators to
suggest causative links between localization of the brain
damage and observed behavioral disorders. For example,
herpes ssimplex virus infection of the temporal lobe of the
brain has been found to result in personality disorders [34],
or vesicular stomatitis virus infection of rat neurons has
been associated with motor abnormalities [30].

Borna disease virus (BDV) infection of the neonatal rat
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brain is one of those rare viruses that is able to cause
abnormal brain development with minimal signs of classi-
cal inflammatory reactions in the central nervous system
(CNS) [7,8,22,33]. Thus, BDV infection of neonatal rats
provides a valuable model for investigations of the causa-
tive relationship between virus-induced localized brain
damage and associated behavioral deficits [7,8,23].

BDV is a 8.9-kb atypical, neurotropic, non-segmented,
negative-strand, enveloped RNA virus in the unique Bor-
naviridae family [11,29,45]. In tissue culture, BDV repli-
cates persistently and noncytopathically, i.e., non-lytic
infection. Natural hosts of BDV include horses, sheep,
dogs, cats, rabbits, and ostriches [45]. BDV has been
associated with several psychiatric diseases and recently
has been recovered from human blood cells and human
brain [3,40,47,52].

As an experimental teratogen, BDV is most commonly
studied in intracranially inoculated Lewis rats, where a
persistent infection of neurons and astrocytes ensues
[7,18,22,33]. Lewis rats infected with BDV as neonates
appear grossly normal, yet selective, measurable and
reproducible signs of behavioral abnormalities, including
locomotor hyperactivity, abnormalities in spatial learning
and memory, and socia interactions have been reported
[4,5,12,23,41,42]. These behavioral abnormalities may be
linked to virus-induced developmenta damage to the
cerebellum (hypoplasia, loss of the granule and Purkinje
cellg [5,13], hippocampus (degeneration of the dentate
gyrus granule cells) [8,23], and neocortex [54].

The cerebellum undergoes substantial postnatal matura-
tion [2] and is particularly vulnerable to neonatal
teratogens, including virus infection [16,32,36]. Although
BDV-induced abnormal development of the cerebellum has
been described [5,23], there is little information on re-
sultant deficits in motor behaviors. Although horizontal
and vertical locomotor hyperactivity [4,23,42], mild gait
ataxia, mild hind paw spasticity and a deficient ability to
hang on the dowel have been described in neonatally
BDV-infected rats when tested as adults, i.e., 12—76 weeks
of age [23], little is known about the developmental course
of such deficits. We have undertaken a battery of be-
havioral tests to further characterize cerebellar behavioral
abnormalities in neonatally BDV-infected and sham-inocu-
lated Lewis rats throughout postnatal development of the
cerebellum by repeatedly assessing performance on a
standard test battery. Somatic development of neonatally
BDV-infected rats was assessed by measuring body weight
evolution. Acoustic startle response (ASR) was studied in
neonatally BDV-infected rats to assess reflexic auditory—
somatomotor development and integrity. Overall neuro-
muscular development and simple motor behaviors were
examined by various tests, including righting, negative
geotactic, placing, and grasping responses. These tests are
thought to reveal development of exteroceptive, vestibular
and proprioceptive systems modulated by the cerebellum
[1,17,37]. Complex motor and postural skills were ap-

praised in the bar crossing, twine climbing and bar holding
tests. In addition, evidence that early viral infections could
interfere with the development of sensorimotor gating has
been demonstrated in rats subjected to early postnata
infection with cytomegalovirus [46], and herpes simplex
virus type 1 [15]. Thus, possible sensorimotor gating
deficits were studied with a prepulse inhibition (PPI)
paradigm [49].

2. Material and methods
2.1. Animals

Pregnant Lewis rats (16—18 days of gestation) were used
in these studies (Harlan, Indianapolis, IN, USA). All rat
pups were born and reared in the anima vivariums at
Johns Hopkins University School of Medicine, Baltimore,
MD, USA, or at the Center for Biologics Evaluation and
Research (CBER), FDA, Bethesda, MD, USA. Following
weaning, rats were kept in groups of two to three in
45X 26X23 cm pan-type polypropylene cages with wood-
chip bedding and an overhead wire grid supporting food
pellets and a water bottle. Cages containing infected
animals were kept in a DUO-FLOTM biosafety cabinet
(Bio-Clean Lab Product Inc., NJ, USA). The sham-inocu-
lated rats were kept in the same room. Rats were main-
tained on a 10/14-h light/dark cycle (lights on at 8 am.)
and had free access to food and water. Room temperature
was maintained at approximately 21°C.

2.2 Inoculation

Rat pups were inoculated intracranially within 24 h of
birth either with 0.02 wl of CRP, BDV strain (BDV-
infected rats) or uninfected inoculum (control rats), as
described previously [4,8].

2.3 Sartle apparatus

The experiments with the startle response were per-
formed at CBER, Bethesda, MD, USA. Two identical
startle chambers were used for measuring startle reactivity
and plasticity (SR-LAB system, San Diego Instruments,
San Diego, CA, USA). Within each chamber, there was a
Plexiglas cylinder (9 cm in diameter) into which the rat
was placed. A loudspeaker, mounted 24 cm above the
cylinder, provided the broadband background noise and
acoustic stimuli. Sudden movements by the rat were
detected by a piezoelectric accelerometer attached below
the cylinder. Stabilimeter readings were rectified, digitized
on a 4095-relative unit scale, and recorded by a computer.
An average of 100 1-ms readings, starting at stimulus
onset, were used as the measure of startle amplitude.
Sound level was measured inside the startle cabinets by
means of the digital sound level meter (Realistic, Tandy



M.V. Pletnikov et al. / Developmental Brain Research 126 (2001) 1-12 3

Corporation, Fort Worth, TX, USA). The accelerometer
sengitivities within each startle chamber were calibrated
regularly and were found to remain constant over the test
period.

2.4. Procedure

24.1. \Weighing

Somatic development was assessed by measuring body-
weight gain. BDV-infected and normal rats were weighed
daily when behavioral experiments were performed, i.e.,
PND 4-30. After weighing, rats were returned either to
their dams (until PND 21), or to their home cages (PND
22-28).

2.4.2. Behavioral tests

Assessment of the integrity of somatosensory and
vestibular systems and their proprioceptive and exterocep-
tive components was performed at postnatal days (PND)
4-20. This assessment consisted of the measures of body
righting, negative geotropism, fore limb and hind limb
placing, fore limb and hind limb grasping, vibrissae
placing, locomator pattern, and bar-holding tests. Complex
motor skills and postural adjustments were examined at
PND 25-28. These assessments included tests of twine
climbing and bar crossing [1,37]. Eight BDV-infected and
eight normal rats were used in these experiments. At PND
18, one BDV-infected rat died, therefore, from PND 19 to
PND 28, only seven BDV-infected rats were tested.

All behavioral measures were done by a trained observer
who was blind to group identity. The subset of tests
performed after postnatal day 20, a time when size
differences between infected and uninfected rats begin to
become apparent, involved objective measures (twine
climbing and bar crossing) or computer-software-deter-
mined results (startle response and prepulse inhibition),
thereby reducing the likelihood of bias introduction. All
data were coded prior to anaysis.

For body righting, rats were gently placed on their backs
and a score was given according to the following criteria:
O=rat does not turn over; 1=rat struggles with positioning,
but does not turn over within 10 s; 2=rat turns over
immediately, with little to no effort.

For negative geotropism, the rat was placed on a 45°
slope with its head pointing down the incline. Scoring was
based on (1) the number of rats that turned upwards before
the 15-s cut-off time period, and on (2) the latency to turn
upwards within the 15-s cut-off time period.

For fore limb and hind limb placing (dorsal surface), the
rat was gently held by its body and the response (lifting a
foot from under the object and putting it on top of the
object) to a pencil touching the dorsal surface of al four
paws was scored. Scoring was based on a five-point scale:
O=rat does not respond; 1=rat responded to touch on
dorsal surface of one paw; 2=rat responded to touch on
dorsal surface of two paws; 3=rat responded to touch on

dorsal surface of three paws; 4=rat responded to touch on
dorsal surface of four paws.

For fore limb and hind limb placing (lateral surface), the
rat was gently held by its body and the response (the same
as in the above test) to a touch on the lateral surface of all
four paws was scored. Scoring was based on a five-point
scale: O=rat does not respond; 1=rat responded to touch
on lateral surface of one paw; 2=rat responded to touch on
lateral surface of two paws; 3=rat responded to touch on
lateral surface of three paws; 4=rat responded to touch on
lateral surface of four paws.

For grasping responses (fore paws), the rat was gently
held by its body, and the response (grasping the pencil
being used to gently strike the inside of one paw) was
scored. Scoring was based on a three-point scale: O=rat
did not respond; 1=rat responded to touch on the ventra
surface of one fore paw; 2=rat responded to touch on the
ventral surface of two fore paws.

For grasping responses (hind paws), the rat was gently
held by its body, and the response (the same as in fore paw
grasping) to a touch on the ventral surface of hind paws
was scored. Scoring was based on a three-point scale:
O=rat did not respond; 1=rat responded to touch on the
ventral surface of one fore paw; 2=rat responded to touch
on the ventral surface of two fore paws.

For vibrissae placing, the rat was gently suspended by
the tail and lowered towards the tip of a pencil. When the
vibrissae touched the pencil, the response (raising the head
and extending the fore limbs for grasping the pencil) was
scored. Scoring was based on a three-point scale: O=rat
did not respond; 1=rat either turned the head toward the
pencil or extended fore paws toward the pencil; 2=rat both
turned the head toward the pencil and extended fore paws
toward the pencil.

For locomotor pattern, the rat was placed with its four
paws on a flat surface, and the ability to stand for 10 s on
al four feet was assessed. Scoring was based on an
eleven-point scale: O=rat lay on ventral surface of its
body; 1=rat could stand on al four paws for 1 s, 2=rat
could stand on al four paws for 2 s; 3=rat could stand on
al four paws for 3 s, etc.

Bar holding test included placing the rat’s fore paws on
a round wooden bar (7 mm in diameter) and scoring the
ability to hang for 10 s with or without placing its hind
paws on the bar. Scoring was based on a three-point scale;
O=rat was unable to hang for at least 10 s; 1=rat was able
to hang for 10 s without placing its hind paws on the bar;
2=rat was able to hang for 10 s and place its hind paws on
the bar.

For the twine climbing test, the rat was held by the nape
of its neck and its fore paws were placed against a rope.
The cotton rope (diameter was 5 mm) was knotted, each
knot being spaced 10 cm apart. The rope was 20 cm in
length and positioned vertically so that the bottom end of
the rope was 20 cm above the center of a container filled
with sawdust to cushion the fall. The time (in seconds) that
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elapsed between the moment a rat was positioned on the
rope and the moment it fell was recorded, with the cut-off
being 60 s.

The bar crossing test consisted of two elevated platforms
connected by a plywood bridge (0.4 mm thick; 30 cm
length, 2.5 cm width). A sawdust-filled box below the
bridge served as protection for the falling rats. Onerat a a
time was placed at the start platform. We assessed three
parameters in this test: (1) the percentage of rats in each
group able to cross the bridge; (2) the time (in seconds,
time cut-off=60 s) required by the rat to cross the bridge,
and (3) the number of times the rat dlipped while crossing
the bridge. A dlip was scored when one of paws slipped
below the surface of the bridge.

2.4.3 Acoustic startle response (ASR) tests

The amplitude and the within-session habituation of the
acoustic startle response (ASR) were assessed in ex-
perimentally naive rats at PND 17, 23, and 30. Ten control
and ten neonatally BDV-infected rats were tested at each
time point. At the beginning of the test, each rat was
exposed to the experimental chamber for 5 min with no
presentation of the acoustic startle stimulus and no back-
ground noise (the acclimatization period). Upon comple-
tion of the acclimatization period, a rat was given ten
100-ms 108-dB white noise stimuli at a 20-s inter-stimulus
interval, with a background noise of 65 dB throughout the
entire session.

Previous studies showed significant difference in body
weights between BDV-infected and control rats [4,22,42].
Therefore, amplitudes of the ASR were anayzed and
presented as the maximum value of the startle response in
relation to the rat's body weight. These weight-corrected
ASRs were determined by dividing the ASR value by the
weight (in grams) of the test subject.

In a separate experiment, prepulse inhibition (PPI) of
the ASR was tested in rats a¢ PND 17 and 30. None of
these rats had prior experience with the acoustic startle
stimuli. Twelve neonatally BDV-infected and eleven sham-
inoculated rats were tested in each age group. Each rat was
tested once. The PPl session was designed to permit an
analysis of effects of (i) different intervals between the
prepulse and startle pulse, and (ii) different intensities of
prepulse stimuli. A rat was placed in one of the startle
chambers for a 5-min acclimation period with a 65-dB
background noise. Upon completion of the acclimation
period, a rat was exposed to ten types of trials: pulse-alone
trial (a 108-dB, 100-ms, broadband burst); the omission of
stimuli (no-stimulus trial); and four prepul se—pulse combi-
nations (prepulse—pulse trials). A 50-ms broad-band burst
was used as a prepulse. Prepulse—pulse combinations
included two prepulse intensities (10 or 15 dB above the
background noise) and two prepulse-to-pulse intervals (40
and 80 ms). Each session consisted of 31 trials: seven
pulse-alone trias, six of each prepulse—pulse trials (combi-
nations), and seven no-stimulus trials. All trials were

presented in pseudorandom order. PPl was assessed as the
percentage scores of PPl (%PPI):100 X (mean startle
amplitude on pulse-alone trials—mean startle amplitude on
prepulse—pulse tridls/mean startle amplitude on pulse-
alone trials).

2.4.4. Histological analysis

Upon completion of behaviora tests (PND 30), repre-
sentative six BDV-infected and six sham-inoculated rats
were sacrificed for histopathological examinations and
immunohistochemical studies for BDV antigens. Rat were
deeply anesthetized using Metofane (Pitman-Moore, Mun-
delein, IL, USA) and were perfused with phosphate-buf-
fered saline (PBS, pH=7.4) followed by 4% paraformal-
dehyde. Brains were removed and postfixed for 24 h.
Brains were paraffin embedded and cut sagittally into
10-pm-thick sections. To examine virus distribution in the
brain, sections were stained by avidin—biotin immuno-
histochemistry (Vector, Burlingame CA, USA) using a
polyclona rabbit anti-BDV antibody followed by
biotinylated anti-rabbit 1gG (Vector), as described previ-
oudy [8]. Duplicate sections were stained with cresyl
violet and examined under a light microscope for cerebel-
lar abnormalities.

24.5 Satigtical analysis

The body-weight gain, twine climbing and bar crossing,
and habituation of the acoustic startle response were
anayzed by two-way repeated measures analyses of
variance (ANOVAYS). For the PPl experiments, three-way
ANOVAs were used. Post hoc Tukey's test for pair-wise
comparisons was used when applicable. Since scoring
motor behaviors was based on relative units, and the data
passed neither the Normality nor Equal Variance Tests,
nonparametric statistical analyses were applied. Effect of
age was anayzed by Friedman Repeated Measures Analy-
ses of Variance on Ranks for control and BDV-infected
group separately. The effect of the infection status was
analyzed by the Mann-Whitney test for each time point
separately. A P<<0.05 was considered as the criterion for
statistical significance.

3. Results
3.1. Histology

Compared to the cerebella of control rats, the cerebella
from neonatally BDV-infected rats were hypoplastic.
Microscopic examinations of the cresyl violet sections
revealed typical BDV-induced abnormalities in irregular
cerebellar cortical layers, and thinning of the molecular
and internal granule cell layers (Fig. 1). Immunostaining
with anti-BDV antibodies showed BDV protein expression
in brain sections of all BDV-infected rats in the previously
reported distribution. BDV protein expression was mainly
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Fig. 1. Neonatal BDV-infection-induced damage to the cerebellum. Representative sagittal cerebellar sections from control (A) and neonatally
BDV-infected (B) Lewis rats at postnatal day 30, stained with cresyl violet. Note reduced folia size and cerebellar size in the BDV-infected rat (B).

Bar=500 pm.

observed in Purkinje cells, while no BDV-infected neurons
were seen in the internal granule cell layer. No specific
staining was observed in any of the brain sections in the
control rats (data not shown).

3.2. Body weight

Neonatal BDV infection had a profound influence on
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body-weight gain in developing rats. As shown in Fig. 2,
neonatally BDV-infected and control rats had similar body
weights until PND 12. From PND 14 to PND 28, the mean
body weight of control rats was higher than the mean body
weight of the neonatally BDV-infected rats. There were
significant effects of the infection status, F(1,182)=564.3,
P<0.00001, of the age, F(14,182)=401.2, P<0.00001,
and the infection status by age interaction, F(14,182)=

L

EBDV
DNL

Fig. 2. Body-weight gain in control and neonatally BDV-infected Lewis rats. Open bars represent control animals; solid bars represent neonatally

BDV-infected rats. *P<0.05 vs. neonatally BDV-infected rats.
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Table 1
Motor co-ordination in neonatally BDV-infected and control Lewis rats at PND 4-20°
Age Infection Righting Negative D-Place L-Place V/F- V/H- Vibrissae L ocomotor Bar
status geotropism grasping grasping pattern holding
4 NL 1.1+01 15.0+1.2 0 0 0 0 0 0 0
BDV 0.9+0.1 15.0+1.2 0 0 0 0 0 0 0
5 NL 1.5+0.2 15.0+1.2 0 0 0 0 0 0 0
BDV 1.4+0.2 15.0+1.2 0 0 0 0 0 0 0
6 NL 1.3+0.2 12.8+1.2 0 0 0 0 0.5+0.2 0 0.1+0.1
BDV 1.6+0.2 15.0+1.2 0 0 0 0 0.9+0.1 0 0
7 NL 1.9+0.1 13.1+1.2 0 0 0 0 0.9+0.1 0 0.3+0.3
BDV 1.6+0.2 15.0+1.2 0 0 0 0 0.9+0.1 0 0.4%+0.2
11 NL 1.8+0.2 9.9+1.2 0 0 0 0 1.4+0.2 0 0.6+0.3
BDV 1.4+0.2 11.4+1.2 0 0 0 0 0.9+0.1 0 0.1+0.1
12 NL 1.8+0.2 10.4+1.2 0 0 0 0 1.1+01 0 0.5+0.3
BDV 1.4+0.2 10.5*+1.2 0 0 0 0 15+0.2 0 0
14 NL 1.9+0.1 41+1.2 0 0 0.25+0.3 0 1.0+0.3 75+17 1.1+0.2
BDV 2.0=0 7.3+1.2 0 0 0 0 1.5+0.2 0 0
17 NL 2.0+0 54+1.2 35+0.3 2.0+0 2.0+0 0 1.6+0.2 10+0 1.8+0.3
BDV 2.0+0 8.9+1.2 0 0 0 0.25+0.27 1.4+0.2 10+0 0
18 NL 2.0=0 43+1.2 3.8+0.3 1.5+0.3 2.0+0 0 1.9+0.1 10+0 1.5+0.3
BDV 2.0+0 7.8+1.2 0.3+x0.2 0 0.3+0.3 0 1.8+0.2 10+0 0
19 NL 2.0+0 3.9+1.2 3.4+0.3 1.6+0.3 2.0+0 0 1.6+0.3 10+0 1.8+0.3
BDV 2.0=0 53*+1.2 1.1+03 1.2+0.3 0.9+0.3 0 1.9+0.1 10+0 0
20 NL 2.0+0 48+1.2 2.8+0.4 1.8+0.3 1.5+0.3 0 1.3+0.2 10+0 1.8+0.3
BDV 2.0+0 48+1.2 14+0.3 1.3+04 0.1+0.1 0 1.9+0.1 10+0 0

“Data are presented as the mean+S.E.M. Abbreviations: D-Place, forelimb and hindlimb placing (touch on dorsal surface); L-Place, forelimb and hindlimb
placing (touch on lateral surface); V/F-Grasping, grasping responses to touch on ventral surface of fore paws; V/H-Grasping, grasping responses to touch

on ventra surface of hind paws.

49.5, P<<0.00001. Post-hoc tests showed that, compared to
BDV-infected rats, control rats had greater body weights at
PNDs 14-28 (al P values<0.01, Tukey).

3.3, Sensorimotor tests

Table 1 shows the results of the motor behaviors tests
for the sham-inoculated and neonatally BDV-infected rats
a PND 4-20. Table 2 shows the results of the complex
motor co-ordination skills for the two groups of rats at
PND 25-28.

3.3.1. Body-righting response
Righting response improved significantly from PND 4 to
PND 20 for both control (Chi-square=42.2, P<<0.001) and

BDV-infected rats (Chi-square=39, P<<0.001). There were
no significant differences between the groups at any age.

3.3.2. Negative geotropism

Control rats began to demonstrate negative geotropism
as early as PND 6 (two of eight rats), while BDV-infected
rats first showed this response at PND 11 (three of eight).
Despite this observation, differences between the two
groups in terms of the numbers of rats successfully
performing the test did not reach significance at any time
point (P>0.05). The latency to upward turning signifi-
cantly decreased throughout the postnatal period for both
groups (P<<0.05, Mann-Whitney). When the latencies
were compared between groups at each time point separ-
ately, control rats had significantly shorter latencies at

Table 2

Complex locomotor skills in neonatally BDV-infected and control Lewis rats at PND 25-287

Age Infection Twine Bar Bar Bar
status climbing crossing crossing crossing

€] (% of rats) © (Slips)

25 NL 12.8+2.7 75+23 19.4+7.2 0.8+0.3
BDV 44+14 8614 17.8+7.7 4.1+0.3

26 NL 81+13 100+13 6.8+7.2 0.9+0.3
BDV 14.6+2.2 100+14 13.1+7.7 24+0.3

27 NL 8.1+24 8613 12.6+7.2 0.3+0.3
BDV 16.9+35 71+14 204+7.7 15+04

28 NL 5.8*1.0 75+13 17.1+7.2 0.2+0.3
BDV 9.8+1.3 8614 11.9+7.7 2.0+0.3

“Data are presented as the mean+S.E.M.
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PND 14 and 18 (P<0.05, Mann—-Whitney), compared to
BDV-infected rats.

333 Fore limb and hind limb placing tests

Responses to dorsal surface touching of four paws
increased throughout the postnatal period in control, (Chi-
square=69.5, P<<0.001), and BDV-infected (Chi-square=
55.3, P<<0.001) rats. However, BDV-infected rats were
significantly less responsive to dorsal touch than the
control rats at PNDs 17—20 (all P values<<0.05). Similar to
dorsal touch, responses to lateral touch rose significantly
for control rats (Chi-square=66.7, P<<0.001), and BDV-
infected rats (Chi-square=53.4, P<<0.001). There were
significant differences between the groups at PNDs 17-18
(P<0.05). At PNDs 19-20, both groups demonstrated
similar performances on this test (all P values>0.05).

3.34. Fore limb and hind limb grasping tests

There was a significant effect of age for both groups (all
Ps<0.05). From PNDs 17—-20, BDV-infected rats showed
attenuated responses compared to control rats (al P
values<<0.05). With the exception of one BDV-infected rat
(PND 17), neither group responded to touch of the ventral
surface of hind paws throughout the entire period of the
observation.

3.3.5. Vibrissae placing

The responses to vibrissae touch increased with age for
control (Chi-square=54.5, P<<0.001), and BDV-infected
(Chi-square=54, P<<0.001) rats. There was a borderline
difference between the two groups at PND 20 (P=0.054),
when BDV-infected rats were hyper-responsive to touching
vibrissae compared to control rats.

3.3.6. Locomator pattern

There were significant effects of age for control (Chi-
square=44.3, P<<0.001) and BDV-infected (Chi-square=
70, P<0.01) rats. At PND 14, control rats performed
significantly better on this test (P<<0.05), compared to
BDV-infected rats.

3.3.7. Bar holding

BDV-infected rats were unable to hold onto the bar.
Control rats were able to hang on the bar for 10 s from
PND 14 (Chi-square=44.3, P<0.01). Significant differ-
ences between two groups began at PND 14 and persisted
throughout the duration of the experiment (al P values<
0.05).

3.3.8. Twine climbing

Neither effect of infection status [F(1,39)=3.34, P=
0.091], nor effect of age [F(3,39)=2.65, P=0.062] were
significant, while the interaction between the two factors
was [F(3,39)=7.71, P=0.0004]. Compared to control
animals, BDV-infected rats hung for a shorter period of
time at PND 25, and for longer periods of time at PND 26

and 27 (P<0.05). There was no difference between BDV-
infected and control rats at PND 28, P>0.05 (Table 2).

3.3.9. Bar crossing

When the number of rats successfully crossing the bar
was analyzed, there were no differences between the two
groups at any time point (al P values>0.05; Table 2).
Analyses of time required to cross the bar showed no
significant effects. Comparing the numbers of dlips re-
vedled significant effects of infection status [F(1,39)=
67.71, P<0.001], and age [F(3,39)=9.82, P=0.001].
Compared to control animals, BDV-infected rats made
significantly more dips at al time points tested (P<<0.05;
Table 2).

34. Acoudtic startle response (ASR)

34.1. Amplitude and habituation of the ASR

Fig. 3 shows the mean startle amplitudes for BDV-
infected and control rats at PNDs 17, 23, and 30. At PND
17, there were no differences between the two groups. At

PND 17
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Fig. 3. Acoustic startle responses (ASR) and within-session habituation
of the ASR in control and neonatally BDV-infected Lewis rats. Circles
represent control animals. Squares represent neonatally BDV-infected
rats. PND, postnatal day.
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PND 23, there was the significant effect of infection status
[F(1,171)=6.84, P=0.017], and a significant infection
status by trial interaction [F(9,171)=3.76, P<0.001].
Control rats exhibited habituation of the ASR as was
confirmed by the significant decrease of the mean am-
plitude of the startle response throughout the session (P<
0.05). In contrast, BDV-infected rats did not show habitua-
tion of the ASR, and the mean amplitude of the startle
response remained high across the trials (P>0.05). At
PND 30, startle responsiveness was profoundly decreased
in BDV-infected rats compared to control animals. There
were significant effects of the infection status [F(1,252)=
24.6, P<0.001], and the trial F(9,252)=3.6, P<0.001].
The infection status by trial interaction did not reach the
significance (P=0.3).

34.2. Pre-pulse inhibition (PPI) of the ASR
At PND 17, mean amplitudes of the ASR during pulse-

alone trials were 4.5+0.8 for control rats, and 5.1+0.7 for
BDV-infected rats. Fig. 4 depicts the PPl of the ASR for
BDV-infected and control animals. At PND 17, an effect of
the infection status was borderline [F(1,84)=4.0, P=
0.058]. There were significant effects of prepulse-to-pulse
interval [F(1,84)=4.8, P=0.03], and intensity of prepulse
[F(1,84)=101.1, P<0.001]. Interactions between factors
did not reach significance (all P values>0.05). Post-hoc
comparisons showed that PPl was significantly greater for
the 40-ms prepulse-to-pulse intervals compared to the
80-ms prepulse-to-pulse intervals (P<<0.05).

At PND 30, mean amplitudes of the ASR during pulse-
alone trials were 6.1+0.6 for control rats, and 3.7+0.4 for
BDV-infected rats. Three-way ANOVA showed a border-
line effect of the infection status [F(1,84)=2.1, P=0.067].
There were significant effects of the intensity of prepulse
[F(1,84)=17.9, P<0.001]; and prepulse-to-pulse interval
[F(1,84)=8.0, P=0.006]. Interactions between the factors
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Fig. 4. Prepulse inhibition of the acoustic startle in control and neonatally BDV-infected Lewis rats. Open bars represent control animals; solid bars
represent neonatally BDV-infected rats. 75-dB and 80-dB represent the intensities of the prepulses. PND, postnatal day.
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were not significant (P>0.05). Significantly more PPl was
observed when the intensity of prepulse stimuli was 15dB
above the background noise compared to 10 dB (P<<0.05,
Tukey).

4. Discussion

We have found previously that as early as PND 14,
BDV-infected rats showed irregular cerebellar cortical
layers, thinning of the molecular and internal granule cell
layer, and premature loss of the external granule cell layer
[5,8]. Recently, a loss of Purkinje cells in cerebella of
neonatelly BDV-infected rats has been aso reported
[13,54]. However, until now, there have not been detailed
studies of possible behaviora deficits associated with
BDV-induced developmental damage to the cerebellum.
Thus, the present work was undertaken to study the effects
of neonatal BDV infection on the development of sen-
sorimotor functions thought to be under the control of the
cerebellum [1,2].

Somatic development, as indicated by weight gain, was
significantly delayed in neonatally BDV-infected rats com-
pared to control rats. These data are consistent with
previous reports regarding the effects of neonatal BDV
infection on body weights in 1-month-old and 3-month-old
Lewis rats, and showed that body-weight differences
started to emerge by the end of the second postnatal week
[4]. Poor weight gain has been also reported for various
mouse and rat mutants [6,56] as well as for rodents with
early postnatal cerebellar damage, e.g., following X-ir-
radiation or methylazoxymethanol treatment [16].

Significant differences in motor behaviors between
BDV-infected and uninfected rats were not observed until
the end of the second postnatal week, the time when
infected rat cerebella begin to show typical BDV-induced
developmental arrest [5,23]. Since, in the present study, we
performed only qualitative microscopic examinations of
BDV-induced cerebellar abnormalities, we were unable to
make a regression analysis to statistically characterize a
relationship between motor deficits and cerebellar pathol-
ogy in BDV-infected rats. It should be pointed out that, for
the most part, the cerebella of neonatally BDV-infected rats
are severely hypoplastic. Infrequently though, moderately
hypoplastic cerebella are encountered. We are in the
process of evaluating the relationship between motor
deficits and cerebellar pathology by quantitatively asses-
sing the severity of BDV-induced neuropathology.

BDV-associated sensorimotor impairments were some-
what specific in that they were not observed across al tests
in developing rats. For instance, there were no differences
between the two groups in the vibrissae placing and twine-
climbing tests, indicating that some aspects of exterocep-
tive sensation seem to be unaffected by neonatal BDV
infection [24,56]. On the other hand, neonatad BDV
infection induced motor deficits in a number of other

sensorimotor tasks, including placing, grasping and the
bar-holding tests. This pattern of motor deficit may suggest
BDV-induced abnormalities in the proprioceptive system
[39]. In addition, developmental deficits in righting re-
sponses and negative geotropism indicate impairments in
the maturation of the integration of tactile and vestibular
stimuli and/or damage to the central vestibular system
[38]. Developmental abnormalities in the auditory—som-
atosensory integration are also evidenced by decreased
habituation of startle responses in BDV-infected rats
compared to uninfected animals [56]. Finally, important
deficits occurred in those tests requiring more complex
motor skills and balance. Neonatally BDV-infected rats
performed worse than control rats in the bar-holding- and
bar-crossing tests, which involve extensive use of hind
limbs and balance. Hind-limb weakness and lack of hind-
limb coordination has been reported to be one of the most
pronounced deficits with cerebellar growth retardation after
neonatal cerebellar injury [6].

BDV-induced motor deficits are reminiscent of the
effects of other types of early postnatal cerebellar insults
on motor behavior development in rodents [6,16]. Similar
to effects of neonatal BDV infection, neonatal cerebellec-
tomy produced deficits in righting and geotaxis responses.
In contrast, placing reactions were unaffected after neonat-
a removal of a cerebellar hemisphere, and were sig-
nificantly impaired in neonataly BDV-infected rats
[31,39]. Deficient placing and grasping responses observed
in neonatally BDV-infected rats were reminiscent of
similar motor disabilities reported for shaker mutant rats
with degeneration of Purkinje cells [56]. While significant
loss of Purkinje cells has been reported in neonatally
infected rats at 7 months of age [13], a putative loss of
Purkinje cells in developing rats remains to be quantitated.
Since the mgjority of Purkinje cells are infected with BDV
as early as PND 14 [5], functiona deficits in Purkinje cells
could account for abnormal development of some sen-
sorimotor behaviors, long before Purkinje cell death occurs
[35].

In spite of the fact that abnorma development of the
cerebellum is associated with motor disabilities, a number
of motor skills, if impaired, can be restored with training.
It has been suggested that abnormal development of the
cerebellum caused by mutation or neonatal teratogens may
be accompanied by a compensatory rewiring of spared
brain circuitry [6]. The nature of these hypothetical
compensations remains obscure, although lesions-induced
neurochemical alterations have been suggested to underlie
compensatory changes [6]. We did not examine the effects
of training on the postnatal motor development in BDV-
infected rats. The same rats were tested repeatedly and it is
possible that the nature of the results would be different if
separate groups of rats performed the tests at each age
level. For example, if the training process did not take
place in the present study, we might observe more severe
deficits in some tests. On the other hand, since persistent
virus infections may interfere with possible compensatory
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responses, neonatally BDV-infected rats would continue to
exhibit motor disabilities even after extensive training.

Persistent virus infections may also produce a delay in
the expression of sensorimotor abnormalities. Some motor
behaviors develop normally despite damage but become
defective during subsequent development (a phenomenon
known as ‘growing into a deficit’) [28]. For example,
compared to control animals, startle responsiveness in
BDV-infected rats was similar at PNDs 17 and 23 and
became significantly lower at PND 30 and onwards. In a
similar vein, more behavioral deficits may be seen as rats
age, since the persistent neonatal BDV infection induces
continuing degeneration of a number of cells in the rat
brain (e.g., Purkinje cells in the cerebellum, and granule
cells in the hippocampus) [8,13,54].

Impaired habituation of the acoustic startle response at
PND 23, and decreased startle responsiveness at PND 30,
in neonatally BDV-infected rats seems to be consistent
with previous results indicating a role of the cerebellum in
modulation of both amplitude and habituation of acoustic
startle [27,48].

The fact that neonatal BDV infection may affect several
brain regions in addition to the cerebellum (e.g., hippocam-
pus and neocortex) could also account for the abnormal
motor development observed in BDV-infected rats
[8,19,54]. For example, virus-induced damage to the
neocortex could affect startle responsiveness as functional
inactivation of the neocortex has been shown to modulate
startle responsiveness in adult rats [50]. In addition to
developmental damage, the replication of the BDV
throughout the brain might contribute to motor deficits in
infected rats. Functional alterations induced by BDV in the
neuronal circuitry of the ASR at the brainstem and/or
spinal levels could produce decreased ASR [10]. Thus, it
cannot be ruled out that extracerebellar damage by BDV
might be responsible for some sensorimotor deficits ob-
served in infected rats. Nevertheless, given that the cere-
bellar abnormalities are grossly more profound than
neocortex damage and take place much earlier than the
dentate gyrus degeneration appears to occur [8,54], ob-
served motor deficits are more likely to be associated with
developmental damage to the cerebellum in neonatally
BDV-infected rats.

Neonatal BDV infection did not impair the PPl of the
ASR in Lewis rats when tested at PNDs 17 and 30. On the
one hand, these observations appear to be consistent with
previous results indicating that PPl is resistant to gross
insults. For example, the PPl has been spared after acute
decerebration [9], and lesions of the hippocampus, septum,
and amygdala [25] in adult rats. On the other hand, more
recent studies have demonstrated disruption of the PP
after manipulations of limbic cortical structures, including
the prefrontal cortex, hippocampus and amygdala
[26,43,53]. Even if the cerebellum has not been clearly
implicated in modulation of the PPI of acoustic startle in
rats, disruption of the PPl in neonatally BDV-infected rats

could have been expected because the virus infects neurons
in most limbic regions in the rat’s brain [8,54]. The lack of
disruptive effects of neonatal BDV infection on the PPl in
Lewis rats could be explained from a methodological
standpoint. Putative impairments of the PPl in neonatally
BDV-infected rats may have been detected if weaker
prepulse intensities had been used, as demonstrated by
others [14]. However, our unpublished observations indi-
cated that the use of weaker prepulse intensities was
unsuccessful (data not shown). Also, Lewis rats have been
shown to be more resistant to isolation- and apomorphine-
induced disruption of the PPl compared to Sprague—Daw-
ley rats, a strain commonly used in PPl studies [51,55].
Therefore, it would be interesting to repeat these experi-
ments using other strains of rats that were neonatally
infected with BDV. Moreover, why some neonatally BDV-
infected rats exhibited increased PPl remains unclear and
warrants further investigation.

In conclusion, BDV-induced abnormal development of
the cerebellum is associated with a variety of normal and
impaired sensorimotor and postural skills in Lewis rats.
Further investigations may shed more light on whether or
not persistent neonatal BDV infection prevents or alows
compensatory changes to occur, and if the virus-induced
progressive loss of the Purkinje cells beyond PND 30
would have further impairing effects on sensorimotor skills
in rats. In the broader context, many neuroanatomical,
neurochemical and behavioral abnormalities following
neonatal BDV infection appear to be similar to those
reported for a number of developmental behavior dis-
orders, including autism spectrum disorders [44]. Thus,
neonatal rat brain infection with BDV may be a valuable
animal model system for further exploration of the causa
links between neurodevelopmental damage and associated
behaviora deficits.
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