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Infection of newborn rats with Borna disease virus (BDV) leads to persistence in
the absence of overt signs of in¯ammation. BDV persistence, however, causes
cerebellar hypoplasia and hippocampal dentate gyrus neuronal cell loss,
which are accompanied by diverse neurobehavioral abnormalities. Neuro-
trophins and their receptors play important roles in the differentiation and
survival of hippocampal and cerebellar neurons. We have examined whether
BDV can cause alterations in the neurotrophin network, thus promoting
neuronal damage. We have used RNase protection assay to measure mRNA
levels of the neurotrophins nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), and neurotrophin-3 (NT-3), and their trkC and
trkB receptors, as well as the growth factors insulin-like growth factor I (IGF-1)
and basic ®broblast growth factor (bFGF), in the cerebellum and hippocampus
of BDV-infected and control rats at different time points p.i. Reduced mRNA
expression levels of NT-3, BDNF and NGF were found after day 14 p.i. in the
hippocampus, but not in the cerebellum, of newborn infected rats. Three weeks
after infection, trkC mRNA expression levels were reduced in both
hippocampus and cerebellum of infected rats, whereas decreased trkB mRNA
levels were only observed in the cerebellum. Reduced trkC mRNA expression
was con®ned to the dentate gyrus of the hippocampus, as assessed by in situ
hybridization. TUNEL assay revealed massive apoptotic cell death in the
dentate gyrus of infected rats at days 27 and 33 p.i. Increased numbers of
apoptotic cells were also detected in the cerebellar granular layer of infected
rats after 8 days p.i. Moreover, a dramatic loss of cerebellar Purkinje cells was
seen after day 27 p.i. Our results support the hypothesis, that BDV-induced
alterations in neurotrophin systems might contribute to selective neuronal cell
death. Journal of NeuroVirology (2000) 6, 462 ± 477
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Introduction

Congenital and perinatal virus infections of the
central nervous system (CNS) can induce neurode-
velopmental and neuropsychiatric disorders (Seay

and Grif®n, 1981; Yolken and Torrey, 1995).
De®ning the mechanisms, that disturb normal brain
structures and functions during infection, can
contribute to our understanding of the cellular and
molecular basis of environmentally-triggered CNS
disorders whose etiology remain elusive.

Borna disease virus (BDV) may induce CNS
disease in a broad range of vertebrate animal
species. The disease is manifested by behavioral

*Correspondence: C Sauder
5Current address: Micromet GmbH, Am Klopferspitz 19, 82152
Martinsried/MuÈ nchen, Germany
Received 21 December 1999; revised 30 March 2000; accepted 23
May 2000

Journal of NeuroVirology (2000) 6, 462 ± 477

ã 2000 Journal of NeuroVirology, Inc.
www.jneurovirol.com



abnormalities and diverse pathology (Rott and
Becht, 1995; Gosztonyi and Ludwig, 1995). More-
over, serological data and recent molecular epide-
miological studies suggest that BDV can infect
humans, and might be associated with certain
neuropsychiatric disorders. However, BDV has not
been implicated as a human pathogen yet (reviewed
in Gonzalez-Dunia et al, 1997). BDV provides an
important model for the investigation of the
mechanisms and consequences of viral persistence
in the CNS. Studies on this viral system are not only
contributing to the elucidation of immune-
mediated pathological events involved in virus-
induced neurological disease, but also help to
understand the mechanisms whereby viruses in-
duce behavioral and neurodevelopmental distur-
bances in the absence of the hallmarks of cytolysis
and in¯ammation (Gonzalez-Dunia et al, 1997).
BDV is non-cytolytic and neurotropic, and has been
molecularly characterized to be a non-segmented,
negative-strand (NNS) RNA virus. Based on its
unique genetic and biological features, BDV repre-
sents the prototypic member of a new family.
Bornaviridae, within the order Mononegavirales
(de la Torre, 1994; Schneemann et al, 1995).

Experimentally, BDV exhibits a wide host range
including species phylogenetically distant from
birds to rodents and non-human primates (Rott
and Becht, 1995). The clinical outcome of BDV
infection depends on viral factors, as well as on the
genetics and immune status of the host. Intracer-
ebral infection of rats within 24 h post partum
causes persistence in the absence of clinical
symptoms and of gross immune cell in®ltration in
the CNS (Hirano et al, 1983; Narayan et al, 1983).
These rats, designated PTI-NB (persistent tolerant
infection of the newborn) exhibit distinct cognitive,
behavioral, physiological and neuroanatomical
abnormalities (Dittrich et al, 1989; Carbone et al,
1991; Bautista et al, 1994; Rubin et al, 1998b;
Pletnikov et al, 1999a,b). Cerebellar hypoplasia and
progressive degeneration of the hippocampal den-
tate gyrus (DG) granule neurons together with
prominent astrocytosis and microgliosis are the
histopathological hallmarks observed in PTI-NB
rats (Carbone et al, 1991; Bautista et al, 1995;
Sauder and de la Torre, 1999). Interference of BDV
with the development of brain regions that undergo
postnatal maturation, such as cerebellum and
hippocampus, has been postulated to trigger neu-
ronal damage (Bautista et al, 1995). However, the
cellular and molecular mechanisms underlying
BDV-induced cerebellar hypoplasia and DG degen-
eration are hitherto unknown.

Cerebellar and hippocampal granule cell matura-
tion and survival is largely in¯uenced by neuro-
trophic and growth factors including NT-3, BDNF,
IGF-I and bFGF (reviewed in Connor and Dragunow,
1998; Lewin and Barde, 1996; Lindholm et al, 1997;
Tessarollo, 1998). Studies using neurotrophin- and

neurotrophin-receptor knockout mice have shown
that the majority of neurotrophin responsive CNS
neurons are able to survive in the absence of a single
neurotrophin or its cognate receptor (Snider, 1994).
However, double-knockout mice devoid of both
functional trkB and trkC, the receptors for BDNF
and NT-3, respectively, displayed increased neuro-
nal cell death of cerebellar and hippocampal granule
cells, indicating that trkC and trkB cooperatively
promote survival of these cells (Minichiello and
Klein, 1996). Furthermore, BDNF or NT-3 knockout
mice display abnormal cerebellar development,
which in case of BDNF, involved increased cere-
bellar granule cell loss (Schwartz et al, 1997; Bates et
al, 1999). We therefore sought to examine the
hypothesis that virus-mediated interference with
neurotrophins and their receptor network systems
might contribute to neuronal cell loss and develop-
mental damage in the PTI-NB rat brain. Here we
show that mRNA levels of NGF, NT-3 and BDNF are
signi®cantly decreased in hippocampus, but not in
cerebellum, of BDV PTI-NB rats. In addition, we
found reduced levels of transcripts encoding both
full-length and truncated trkC-receptor genes in the
hippocampus and cerebellum of infected rats.
Furthermore, trkB mRNA levels were also reduced
in the cerebellum of infected rats. We also observed
cerebellar Purkinje cell loss in the PTI-NB rat brain
starting at 27 days p.i. Results from TUNEL assays
indicated that BDV-induced decrease in neurotro-
phin and neurotrophin receptor expression pre-
ceded the onset of neuronal cell death, supporting
a role of neurotrophins in BDV induced brain
damage.

Results

Reduced neurotrophin mRNA expression in
hippocampus, but not in cerebellum, of PTI-NB rats
To measure RNA expression of selected neurotro-
phins and growth factors in the rat CNS, we
developed a multiprobe set suitable for RNase
protection assay (RPA). This probe set included
the rat neurotrophins NT-3, BDNF, b-NGF, as well
as the growth factors bFGF and IGF-I (Table 1). The
riboprobe set also included a probe to detect RNA
levels of the housekeeping gene ribosomal protein
L32. Neurotrophin and growth factor mRNA ex-
pression was normalized with respect to L32 RNA
levels. Total RNA from hippocampus and cerebel-
lum of BDV PTI-NB and control rats was prepared at
days 8, 14, 21, 27, 33 and 48 p.i., and analyzed by
RPA. In a ®rst set of experiments, RNA from two to
three rats per group and time point was analyzed.
We did not observe statistically signi®cant differ-
ences between the two groups over the entire
timecourse in cerebellar mRNA expression levels
of BDNF, NT-3, bFGF and IGF-I, as determined by
two-way ANOVA (data not shown). Cerebellar NGF
levels were below detection limit in our RPA.
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In contrast to the situation in the cerebellum,
mRNA levels of NGF, NT-3 and BDNF were
signi®cantly reduced in hippocampus of PTI-NB
rats compared to controls over the entire time-
course, as determined by two-way ANOVA (Figure
1A). Hippocampal IGF-I mRNA levels were similar
in PTI-NB and control rats, except for day 33, where
PTI-NB rats exhibited about a 100% increase
compared to controls (Figure 1A). Levels of NT-3,
BDNF and NGF mRNA appeared to ®rst decrease in
the hippocampi of PTI-NB rats compared to control
rats already at day 21 p.i. (Figure 1A). However, the
limited number of rats analyzed per time point
precluded statistical analysis of data for individual
time points. To address this question, we performed
RPA with RNA samples prepared from the hippo-
campi of ®ve rats each per group and time point
(days 14, 21, and 27 p.i.) (Figure 1B). Statistical data
analysis by two-way ANOVA indicated that the
overall differences between the two groups over the
entire timecourse for NGF, BDNF and NT-3 mRNA
levels achieved statistical signi®cance (Table 2).
Subsequent comparison of the neurotrophin gene
expression levels between the two groups at the
individual time points using a post-hoc one-way
ANOVA revealed statistically signi®cant reduced
levels for hippocampal NGF, BDNF and NT-3 gene
expression in PTI-NB rats compared to control rats
at days 21 and 27 p.i. (Table 3). No differences in
IGF-I levels between the two groups were found at
the three time points (Tables 2 and 3). In contrast,
bFGF mRNA levels were signi®cantly reduced in
the hippocampus of PTI-NB rats at day 21 p.i. (1.4-
fold reduction), but not at days 14 and 27 p.i.
(Tables 2 and 3).

mRNA expression levels of trkC- and
trkB-neurotrophin receptors are altered in
the PTI-NB rat brain
Having found a signi®cant decrease in hippocampal
mRNA expression levels of the neurotrophins NT-3,
BDNF and NGF in the PTI-NB rat, we next asked

whether the expression patterns of the correspond-
ing neurotrophin receptors were also altered
following BDV infection. We focused on the
analysis of tyrosine kinases trkC and trkB, which
represent the primary receptors for NT-3 and BDNF,
respectively. Both trkB and trkC are highly ex-
pressed in the rat hippocampus (Lindsay et al,
1994). Rat trkB and trkC exist in different isoforms,
some of which code for truncated receptors that lack
the intracytoplasmic kinase domains (reviewed in
Tessarollo, 1998). Some other isoforms of trkC
contain amino acid (aa) insertions within the
tyrosine kinase domain. Insertions of either a
14 aa motif, a 25 aa motif, or both have been
described, being designated as trkC ki14, trkC
ki25, and trkC ki39, respectively. The full-length
isoform lacking insertions is the most abundant in
the rat brain (Tsoulfas et al, 1993; Valenzuela et al,
1993). To measure mRNA expression of the
different trkC isoforms, we performed RPA using a
probe similar to that described by Valenzuela et al
(1993), which covers part of the kinase domain
region and includes both insertion motifs (Figure
2A). This probe enabled us the detection of trkC,
trkC ki14, and trkC ki39 isoforms, but did not allow
a distinction between trkC and trkC ki25 isoforms.
Nonetheless, trkC ki25 comprises only 5% of the
amount of all isoforms present in rat brain (Tsoulfas
et al, 1993). Thus, changes in the intensities of RPA
signals assigned to trkC and trkC ki25 isoforms are
rather attributable to changes in trkC-, than in trkC
ki25-expression.

Total RNA from hippocampus and cerebellum of
PTI-NB and control rats prepared at different time
points p.i. (2 ± 3 animals per group and time point)
was analyzed by RPA using the trkC probe
described above (Figure 2, and data not shown).
Consistent with a previous report (Valenzuela et al,
1993), the trkC isoform was the most abundant in
cerebellum and hippocampus from both PTI-NB
and control rats. Isoform trkC ki39 was very weakly
expressed, and we therefore excluded it from

Table 1 Speci®cations of plasmids used for RPA and ISH studies.

Gene
Subcloned sequence

(position in gene) Length

Polymerase and
restriction enzyme used
for antisense transcript

GenBank
accession no. Reference

b-NGF 347 ± 645 299 T7/HindIII M36589 Whittemore et al., 1988
NT-3 334 ± 531 198 T7/HindIII M33968 Maisonpierre et al., 1990
BDNF 196 ± 376 181 T7/HindIII M61175 Maisonpierre et al., 1991
bFGF 89 ± 253 164 T7/HindIII E04331 Koichi et al., unpublished
IGF-I 32 ± 168 137 T7/HindIII X06043 Murphy et al., 1987
trkC-Kin 2132 ± 2375 244 T7/HindIII L14447 Valenzuela et al., 1993
trkC-Ex 821 ± 1327 507 T7/HindIII

(SP6/EcoRI)a
L14447 Valenzuela et al., 1993

trkB-Kin 2697 ± 2918 222 T7/HindIII M55291 Middlemas et al., 1991
RPL32N 1219 ± 1293

and 1931 ± 1954
99 T7/HindIII K02060 Dudov and Perry, 1984

aPolymerase and restriction enzyme used to generate sense transcript.
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subsequent quantitative analysis. Using two-way
ANOVA, we measured statistically signi®cant over-
all differences between the two groups over the

entire timecourse in cerebellar and hippocampal
expression levels of trkC ki14 and trkC/trkC ki25
receptor isoforms (Figure 2, and data not shown;

Figure 1 Semiquantitative analysis of neurotrophin and growth factor gene expression in the hippocampus of PTI-NB and control
rats. Total RNA (10 mg) from hippocampus of neonatally sham-infected or BDV-infected (PTI-NB) rats, sacri®ced at different days p.i.,
was subjected to RPA using the neurotrophin/growth factor probe as described in Materials and methods. (A) Two to three animals per
group and time point each were used for RPA; (B) Five animals per group and time point each were used for RPA. For quantitation,
the dried RPA gels were exposed to phosphoimager plates and band intensities were quanti®ed using MacBAS software. Dots in (A)
and bars in (B) indicate mean values+standard errors and mean values+standard deviations (s.d.), respectively, per time point p.i. (in
days) after normalization against L32 expression levels (values represent arbitrary units). (A) To test whether overall differences in
trophic factor mRNA levels between the two groups over the entire timecourse achieve statistical signi®cance, two-way ANOVA was
used (a=0.05). Group effect P- and F-values are indicated in the respective graphs. Degrees of freedom were one each. See Tables 2 and
3 for statistical analysis of data depicted in (B).
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group effect P-values were 40.0001 for all iso-
forms). We performed additional RPA using total
hippocampal RNA from each ®ve rats per group and
time point (days 14, 21 and 27 p.i.) (data not shown).
Two-way ANOVA revealed an overall statistically
signi®cant difference between the two groups over
the three time points for the trkC ki14 and trkC/trkC
ki25 isoforms (data not shown). Applying a post-hoc
one-way ANOVA which compared receptor levels
between the groups at individual time points, we
could verify that the decline of trkC ki14 and trkC/
trkC ki25 mRNA levels in the PTI-NB rat brain
achieved statistical signi®cance at day 21 and 27 p.i.
(P- and F-values for trkC ki14 and trkC/trkC ki25
were P40.0001 (F=63.22) and P=0.0004 (F=33.51),
respectively, for day 21 p.i. and P40.0001
(F=99.59) and P=0.0004 (F=33.18), respectively,
for day 27 p.i.; degrees of freedom were one for
each time point).

We next performed RPA using a probe covering a
region of the trkC gene which codes for the

extracellular domain of the trkC receptor (trkC-
Ex). In this case, RPA signals re¯ect the combined
expression levels of all receptor isoforms, including
the truncated versions. We observed a signi®cant
overall difference in hippocampal and cerebellar
trkC RNA expression levels between PTI-NB and
control rats over the entire timecourse as deter-
mined by two-way ANOVA (Figure 2; n=2 ± 3 rats
per group and time point). Expression levels of trkC-
Ex appeared to be already reduced by day 14 p.i. in
the hippocampus, and by day 21 in the cerebellum.

Whereas trkC and trkB receptor isoforms lacking
the respective kinase domain are expressed both in
neurons and astrocytes, functional full-length re-
ceptor isoforms were found to be exclusively
expressed in neurons (Valenzuela et al, 1993). To
analyze neuronally expressed full-length trkB, we
performed RPA using a probe covering part of the
trkB tyrosine kinase domain (trkB-kin). We did not
observe statistically signi®cant overall differences
between PTI-NB and control rats in hippocampal
trkB-kin expression levels (Figure 2). In contrast,
using two-way ANOVA, a signi®cant overall differ-
ence in cerebellar trkB-kin mRNA levels was
observed between PTI-NB and control rats, with
reduced trkB-kin mRNA levels in the PTI-NB rats
after day 14 p.i. (Figure 2).

Reduced trkC mRNA expression is con®ned to
the dentate gyrus region in the hippocampus
of PTI-NB rats
With the aim to identify the subset of brain cells
with decreased expression of trkC mRNAs in PTI-
NB rats, we performed in situ hybridization (ISH)
studies using the trkC-Ex probe described above.
Paraf®n-embedded brain sections from PTI-NB and
control rats, sacri®ced at different time points p.i.,
were prepared. BDV infection was con®rmed by
IHC using a monoclonal antibody against the BDV
nucleoprotein (data not shown). Control rat brains
exhibited the previously characterized regional
distribution of trkC expression (Merlio et al, 1992).
Thus, cerebellum, neocortex and hippocampus
displayed high levels of trkC ISH signals (Figure
3A). In hippocampus, labeling was strongest in the
DG granule cell layer followed by the pyramidal cell
layer. In the cerebellum, cells of the granule- and
Purkinje cell layer were labeled. Hybridization with
a trkC-Ex sense probe did not yield speci®c signals
validating the speci®city of the trkC antisense probe
(data not shown). We observed a clear reduction in
the intensity of ISH signals, restricted to the DG
region, in PTI-NB compared to sham infected
control rat brains. This decrease became evident
by day 27 p.i. and progressed until day 48 p.i., the
last time point investigated (Figure 3A,B). The
decrease of trkC ISH signals in the infected brains
paralleled the progressive loss of DG granule
neurons (Figure 3B). Comparison of ISH signals in
cerebelli of PTI-NB rats and controls did not reveal

Table 2 Comparison of hippocampal neurotrophin gene expres-
sion levels between PTI-NB and control rats over a period of
three time points (days 14, 21 and 27 p.i., n=5 per group and
time point) using two-way ANOVA (logarithmic).

Two-way ANOVAa

Trophic
factors
analyzed

P- and F-
values

Group
effects

Day
effects

Group6day
effects

NGF F=
P=

22.11
0.0001

1.66
0.2115

13.69
0.0001

NT-3 F=
P=

63.98
0.0001

11.06
0.0004

20.83
0.0001

BDNF F=
P=

9.39
0.0053

1.03
0.3708

6.82
0.0045

IGF-I F=
P=

1.38
0.2523

20.99
0.0001

0.78
0.4682

bFGF F=
P=

10.4
0.0036

86.29
0.0001

12.61
0.0002

aDegrees of freedom are one each for group effects and two for
day and group6day effects, respectively.

Table 3 Comparison of hippocampal neutrophin gene expres-
sion levels between PTI-NB and control rats at three individual
time points p.i. (n=5 per group and time point), using a post-hoc
one-way ANOVA (logarithmic).

Trophic factors analyzed
Days P- and F-
p.i. valuesa NGF NT-3 BDNF IGF-I bFGF

14 F=
P=

1.3
0.2865

0.06
0.8124

1.12
0.3212

0.81
0.3932

1.31
0.2858

21 F=
P=

69.21
0.0001

48.2
0.0001

34.92
0.0004

0.03
0.8594

68.02
0.0001

27 F=
P=

23.35
0.0013

71.67
0.0001

6.59
0.0333

2.7
0.139

2.01
0.1938

aDegrees of freedom are one each.
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differences at any of the time points investigated
(Figure 3A, and data not shown).

Detection of neuronal apoptosis in the
PTI-NB rat brain
Reduced expression levels of neurotrophins and
their receptors might trigger or follow neuronal

cell loss observed in PTI-NB rats. In the ®rst
case, it would be expected that disturbances in
the neurotrophin network would precede or
parallel the onset of neuronal loss. Neuronal cell
death in the PTI-NB rat brain is very restricted,
despite BDV being widely distributed within the
CNS. In addition, necrotic neurons are not

Figure 2 Semiquantitive analysis of trkC and trkB receptor gene expression in hippocampus and cerebellum of PTI-NB and control
rats. Total RNA (10 mg) prepared from the hippocampi and cerebelli of neonatally sham-infected or BDV-infected (PTI-NB) rats,
sacri®ced at different days p.i. (two or three animals per group and time point), was subjected to RPA using probes trkC-kin, trkC-Ex
and trkB-kin, as described in Materials and methods. See Results section for further information on probes. RPA gels were dried,
exposed to phosphoimager plates and band intensities were quanti®ed using MacBAS software. In case of trkC-kin, the depicted
quantitations represent amounts of both full-length trkC gene transcripts as well as transcripts of the full-length trkC gene coding for
the receptor which carries the 25 amino acid insertion in the kinase domain (trkC-ki25; see Results section for further information).
For further information on graphs, see legend of Figure 1A. To test whether overall differences in receptor mRNA levels between the
two groups over the entire timecourse achieve statistical signi®cance, two-way ANOVA was used (a=0.05). Group effect P- and F-
values each are indicated in the graphs. Degrees of freedom were one each.
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readily observed, suggesting that programmed
cell death may be responsible for the neuronal
loss observed in the PTI-NB rat brain. We

performed TUNEL assays on paraf®n embedded
sections from two PTI-NB and control rats each,
at different time points p.i.. Using this approach,
we identi®ed stained nuclei in the brains of both
PTI-NB and control rats, indicative of apoptotic
cell death (Figure 4A). The number of apoptotic
cells in the hippocampus of sham infected rats
was very low at all time points analyzed,
representing the normal maturation process of
the brain. Until day 21 p.i., hippocampal
apoptotic cell numbers in PTI-NB rats were only
slightly elevated compared to controls, but their
numbers strongly increased by day 27 p.i. and
peaked at day 33 p.i. (Figure 4A,B). By day 48
p.i., a considerable drop in apoptotic cell
number occurred in the hippocampus of PTI-NB
rats (Figure 4B). In the cerebellar granule layers,
numbers of apoptotic cells were found to be
highest at day 8 p.i., with no differences between
PTI-NB and control rats (mean of 12.5 cells per
counted microscopic ®eld at a 2506 magni®ca-
tion; data not shown). In both PTI-NB and
control rat cerebelli, apoptotic cell numbers
steadily decreased after day 8 p.i. This observa-
tion is consistent with the notion, that naturally
occurring apoptotic cell death in the rodent
cerebellum peaks around postnatal day 8 (Wood
et al, 1993). However, between days 14 and 48
p.i., apoptotic granule cell numbers were found
to be between 2 ± 6-fold higher in PTI-NB rats
compared to control rats (data not shown).

Decrease in cerebellar Purkinje cell numbers in
PTI-NB rats after day 27 p.i.
Using the TUNEL assay, we did not detect
apoptotic cells in the Purkinje cell (PC) layer at
any time point examined. However, a signi®cant
drop (75%) in the number of PC in the PTI-NB rat
brain at 7 months p.i. has been recently described
(Eisenman et al, 1999). To determine the time
point when PC loss ®rst becomes evident, we
performed IHC on paraf®n-embedded sections
from PTI-NB and sham infected control rats at
different time points p.i., employing a monoclonal
antibody to calbindin D28K, a marker for PC
(Figure 5). Until day 27 p.i., we could not observe
obvious alterations in the integrity of the PC layer
in PTI-NB rats compared to control rats. Gaps in
the PC layer of PTI-NB rats appeared to slightly
increase by day 27 p.i., and a considerable loss in
the PC number was clearly detectable by day 33
p.i.. It should be noted, however, that the extent of
PC loss at this time point varied between different
cerebellar folia of the same animal. By day 135
p.i., the last time point investigated, very few PC
were left in the PTI-NB rat brain (Figure 5 and
data not shown). Consistent with previous reports,
immunohistochemical staining with an anti BDV
p40 antibody revealed early BDV infection of PC,
beginning on day 8 p.i. (Bautista et al, 1995).

Figure 3 Cellular distribution of the trkC receptor mRNA in the
CNS of PTI-NB and control rats. Neonatally sham or BDV (PTI-
NB) infected rats were sacri®ced at different time points p.i.
(indicated on the left in days; A and B). Following perfusion
with 4% PFA, brains were removed, dehydrated and embedded
in paraf®n. Sagittal sections derived from these brains were
probed with a 33P labeled antisense riboprobe covering part of
the rat trkC receptor gene, which encodes the extracellular
receptor domain. ISH was done as described in the Materials
and methods section. (A) Scanned autoradiographs after 4 days
exposure to ®lm. For each time point, sections from two PTI-NB
and two control rats were analyzed. Sections from a PTI-NB and
a control rat from the same time point p.i. were mounted on the
same slide. Note strong ISH signals in the cerebellar granule
layers, the neocortex and hippocampus. Position of the DG is
indicated by arrowheads. (B) DG sections of PTI-NB and sham
infected rats at different time points p.i. Pictures were taken
using both bright ®eld (BF) and dark ®eld (DF) microscopy.
Original magni®cation was 620. Note the progressive degenera-
tion of the DG neurons (BF) paralleled by a decrease in trkC ISH
signals (DF) beginning at day 27 p.i. in the PTI-NB rat brain.
Expression of trkC in hippocampal CA4 region was not affected
by virus, hence the strong ISH signals.
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Figure 4 (A) Detection of apoptosis in the hippocampus of PTI-
NB and control rats. Neonatally BDV-(PTI-NB) and sham-infected
rats were sacri®ced at different time points p.i. (indicated in days
on the left). Following perfusion of rats with 4% PFA, brains were
removed and processed for analysis by TUNEL assay as described
in Materials and methods. Depicted are DG sections at different
days p.i. (magni®cation: 680 for days 21 and 27; 6200 for day 33
p.i.). Brown stained nuclei are indicative of cells undergoing
apoptosis. (B) Quantitative analysis of DG apoptosis. Total numbers
of apoptotic cells per slide were counted in the DG of each two
PTI-NB and two control rats sacri®ced at different time points p.i.
Bars represent mean numbers of counted cells+standard error of
mean.
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Figure 5 Kinetics of PC loss in the PTI-NB rat brain. Neonatally BDV (PTI-NB) or sham infected rats were sacri®ced at different time
points p.i. (indicated in days on the left). Following perfusion of rats with 4% PFA, brains were removed and processed for analysis by
IHC as described in Materials and methods, using a mAb to rat calbindin-D28K as a marker for PC. Note the homogenous brown stain
of the molecular layer in all sham infected animals and PTI-NB rats at days 14 and 27, re¯ecting staining of PC dendrites. Due to the
loss of PC in the PTI-NB rats, staining of dendritic trees of individual PC cells becomes visible in the molecular layers at days 33, 48
and 75 p.i. Sections were counterstained with hematoxylin. Original magni®cation: 680.
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Discussion

DG degeneration and cerebellar hypoplasia in the
PTI-NB rat brain have been attributed to a loss of
granule cells in the respective regions. BDNF, bFGF
and, to a lesser extent, NT-3, increase both survival
and differentiation of rat dentate granule neurons
(Lowenstein and Arsenault, 1996). Moreover, pre-
vious studies using cultured hippocampal neurons
have emphasized the importance of IGF-I, BDNF,
NT-3 and neurotrophin-4 (NT-4) for hippocampal
neuronal survival (Ip et al, 1993; Lindholm et al,
1996). However, BDNF or NT-3, as well as trkB or
trkC single knockout mice did not exhibit signs of
signi®cant hippocampal cell loss, suggesting that
the lack of a single component of the neurotrophin
network may be compensated by other network
components in vivo (Henderson, 1996; Snider,
1994). Interestingly, double mutant mice devoid of
functional trkC and trkB receptors display massive
cell death of postnatal hippocampal and cerebellar
granule neurons (Minichiello and Klein, 1996).
Assuming that reduced neurotrophin/receptor ex-
pression contributes to BDV induced granule cell
loss, we reasoned that the former event should
precede, or parallel, the latter. Using a TUNEL
assay, we observed marked increase in apoptotic
granule neurons in the infected hippocampus at day
27 p.i., and after day 8 p.i. in the infected
cerebellum, but PC loss was found to take place
after day 27 p.i. In the hippocampus, signi®cantly
decreased mRNA levels of NT-3, BDNF and NGF
were detected ®rst at day 21 p.i. Our results also
revealed an early drop, beginning at day 21 p.i., in
hippocampal expression levels of trkC NT-3 recep-
tor isoforms. ISH studies indicated that reduced
hippocampal trkC Ex expression was restricted to
the DG. This was evident only at day 27 p.i., about
1 week later than expected based on the RPA
results. Based on the quantitation of RPA data, the
difference in trkC Ex expression levels measured
between PTI-NB and control rats at day 21 p.i. was
relatively small (approximately 1.7-fold). However,
ISH signals for trkC Ex were not quantitated. This,
together with our observation of a certain degree of
section to section and in section variability in the
intensities of ISH signals from the same animal,
might explain the discrepancy between RPA and
ISH data at day 21 p.i. In addition, since rats
analyzed by ISH were not identical to those used
for RPA studies, and since only a limited number of
rats was analyzed by ISH (two animals per group
and time point), comparison of ISH data with RPA
results is complicated.

We observed a slight decrease in hippocampal
levels of trkB RNA in PTI-NB rats after day 21 p.i.,
which was not statistically signi®cant under our
assay conditions. It should be noted, that DG
expression levels of trkB-kin were reported to be
similar to those found in hippocampal CA1-CA3

regions. In contrast, hippocampal trkC-kin expres-
sion levels are highest in the DG neurons (Merlio
et al, 1992; Valenzuela et al, 1993; Ip et al, 1993;
Figure 4A). Therefore, a reduction of trkB mRNA
levels in the PTI-NB rat brain con®ned to the DG
region, as seen for trkC expression, would not be
readily detectable by RPA. Expression of BDNF,
one of the two ligands of trkB, was reduced in the
PTI-NB rat hippocampus. Whether hippocampal
expression of NT-4, the other ligand for trkB, is
also affected, remains to be determined. Taken
together, our data indicate that in the PTI-NB rat
hippocampus, reduced expression of NT-3, BDNF
and trkC preceded, or at least paralleled, granule
cell loss. This, in turn, supports the hypothesis
that BDV-induced disturbances in the neurotro-
phin system can contribute to DG degeneration.
The mechanisms whereby BDV interferes with the
expression of these molecules are unknown. BDV
infects both the pyramidal CA1-CA4 layer and DG
neurons in the hippocampus. DG neurogenesis
takes place well into adulthood (Gould and
McEwen, 1993). The selective vulnerability of
DG neurons and its neurotrophin expression
patterns to BDV infection might be related to the
speci®c intracellular milieu of these cells, differ-
ent from differentiated postmitotic neurons (see
also Grif®n and Hardwick, 1999).

Expression levels of hippocampal IGF-I were
increased at day 33 p.i. in PTI-NB rats compared
to controls. In rats, constitutive IGF-I hippocampal
expression has been shown to be restricted to
pyramidal and DG neurons. Upon various insults,
such as mechanically or colchicine induced hippo-
campal injury, a prominent increase in IGF-I mRNA
levels is found within the lesioned areas (Garcia-
Estrada et al, 1992; Breese et al, 1996). Microglia
and/or activated astrocytes were determined to be
the cellular source of this increased IGF-I mRNA
expression. We and others have previously shown
massive astrocytosis and gliosis of microglia in the
PTI-NB rat brain. Within the hippocampus, astro-
cytosis was most prominent in the DG region once
its degeneration started (Carbone et al, 1991; Sauder
and de la Torre, 1999). The sharp increase in
hippocampal IGF-I mRNA levels observed in PTI-
NB rats at day 33 p.i. was likely to be mediated by
activated astrocytes and microglia surrounding the
degenerating DG. This, in turn, could re¯ect a
regenerative response of the brain to neuronal
degeneration. Since bFGF has been shown to exert
trophic effects on neurons in the dentate gyrus
during development and after injury in vivo and in
vitro (see Lowenstein and Arsenault, 1996, and
references therein) the signi®cant decrease in bFGF
expression levels at day 21 p.i. in the PTI-NB
hippocampus might contribute to DG degeneration.
However, it remains unclear, why no signi®cant
changes in bFGF expression levels were found after
day 21 p.i.
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In addition to neurotrophins, other factors,
including excitatory amino acids and adrenal
steroids, are known to regulate neurogenesis in the
rat DG (Gould and McEwen, 1993). Disturbances
affecting these molecules, as well as a reported
sustained upregulation of proin¯ammatory cyto-
kines (Sauder and de la Torre, 1999; Plata-Salaman
et al, 1999; Hornig et al, 1999), might contribute to
DG degeneration.

Selective DG degeneration has also been ob-
served following intracerebral infection of rats with
lymphocytic choriomeningitis virus (LCMV) at 4
days of age (Monjan et al, 1973). In this case, it has
been proposed that hyperexcitability of granule cell
neurons eventually triggers neuronal cell loss
(Pearce et al. 1996). This hyperexcitability is
thought to be a consequence of LCMV mediated
disturbances in GABA interneurons.

Cerebellar hypoplasia in the PTI-NB rat has been
found to correlate with a premature loss of the
external granule cell layer and thinning of the
internal granular cell layer, which became evident
by day 14 p.i. (Bautista et al, 1995). These BDV-
induced cerebellar defects depend on the matura-
tion state of the cerebellum at the time of infection.
Thus, cerebellar damage was no longer observed,
when rats were infected at 15 days of age, once
cerebellar development is largely completed (Rubin
et al, 1999). BDV does not appear to infect cerebellar
granule cells, whereas Bergmann glia can become
infected after 30 days p.i. (Bautista et al, 1995;
Gosztonyi and Ludwig, 1995). PC are the ®rst
cerebellar cells targeted by BDV, becoming infected
by day 8 p.i. Cerebellar granule cell neurogenesis
and survival depends on PC integrity during an
early, critical postnatal period (Smeyne et al, 1995).
Thus, PC loss before postnatal day 15 leads to
massive granule cell loss both in the mouse mutants
lurcher (Herrup, 1983) and staggerer (Caddy and
Biscoe, 1979), as well as in transgenic mice where
PC were ablated due to speci®c expression of
diphteria toxin (Smeyne et al, 1995). In contrast,
PC loss after postnatal day 15 has no overt impact on
the granule cell layer in the mouse mutant pcd
(Mullen et al, 1976). Our results showed that the
onset of PC loss occurs via unde®ned mechanisms
between days 27 and 33 p.i. Therefore, it seems
unlikely that increased granule cell loss, observed
after day 8 p.i., is due to loss of PC. Alternatively,
BDV could also impair PC and/or astrocyte func-
tions required for cerebellar granule cell migration
and maturation.

Neurotrophins and their receptors play a crucial
role in cerebellar development (see Lindholm et
al, 1997, for review). Thus, BDNF single knockout
mice as well as NT-3 conditional mutants revealed
abnormal cerebellar development and foliation
(Schwartz et al, 1997; Bates et al, 1999). BDNF
knockout mice displayed increased death of
granule cells and stunted growth of PC dendrites.

Furthermore, trkC and trkB double knockout mice
displayed massive cerebellar granule cell death
and markedly impaired PC-dendritic differentia-
tion (Minichiello and Klein, 1996). These ®ndings
are most likely applicable to the rat cerebellum.
However, it should be noted that subtle differ-
ences apparently exist between mice and rats
regarding the capability of PC to express trkB
and trkC (Lindholm et al, 1997; Merlio et al,
1992). Other factors, such as IGF-I, epidermal
growth factor and bFGF have been shown to
support granule cell neurogenesis in vitro (Gao et
al, 1991). We did not ®nd statistically signi®cant
differences between PTI-NB and control rats with
respect to cerebellar expression levels of all the
trophic factors investigated. In the cerebellum,
IGF-I expression is highest in PC. Therefore, a
drop of IGF-I expression as a consequence of PC
loss would be predicted. However, since activated
Bergmann glia can, most likely, also produce IGF-I
in the PTI-NB rat brain, whole cerebellar IGF-I
levels might be found to be unchanged when
analyzed by RPA.

The statistical data analysis using two-way
ANOVA suggested that cerebellar trkC and trkB
gene expression levels were ®rst reduced at day 21
p.i., after the onset of BDV-induced granule cell
death and the critical postnatal period when
granule cell survival depends on PC integrity. ISH
studies did not reveal a decrease in cerebellar trkC
mRNA transcripts, thus precluding the identi®ca-
tion of cells with reduced expression levels of trkC.
Reduced cerebellar expression levels of trkC could
simply re¯ect loss of receptor-producing granule
and Purkinje cells. However, we did not observe
similar reductions in neurotrophin expressions,
suggesting that the failure to detect cerebellar cells
with reduced trkC mRNA levels might be due to the
sensitivity of ISH. Taken together, our data suggest
that the reduced cerebellar levels of trkB and trkC
receptors most likely do not contribute to granule
and/or Purkinje cell death. The implications of
reduced cerebellar trkC and trkB levels after day 14
are currently unknown.

Cerebellar damage following pre- or perinatal
virus infection has also been demonstrated for other
viruses. In some cases, damage has been attributed
to immune-mediated lysis of cells, as documented
for LCMV (Monjan et al, 1974), and reovirus type III
(Raine and Fields, 1973). Other mechanisms in-
clude lytic viral replication in dividing immature
granule cells, as seen in hamsters infected with rat
parvovirus (Oster-Granite and Herndon, 1976), or
impaired postmitotic granule cell migration, as
documented for the Parvovirus minute virus of
mice (Ramirez et al, 1996), and mumps virus
infection of rats (Rubin et al, 1998a). The mechan-
isms of BDV-induced cerebellar damage resemble
those operating in neonatal infection of chicken
with in¯uenza C virus, characterized by marked
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disturbances in dendritic arborization patterns
(Parker et al, 1994).

There is increasing evidence that neurotrophins
and their receptors also play important roles in the
processes underlying neuronal plasticity (Thoenen,
1995; McAllister et al, 1999). Furthermore, recent
evidence indicates that BDNF can cause rapid
neuronal membrane depolarization through trkB
receptors (Ka®tz et al, 1999). This ®nding suggests
that the neurotrophin network system can not only
modulate but also mediate synaptic transmission.
Therefore, BDV-induced changes in the expression
of neurotrophin and their receptors could cause
altered synaptic function which, in turn, might
contribute to neurobehavioral disturbances ob-
served in PTI-NB rats.

While this manuscript was in preparation, a
study was published describing spatio-temporal
changes in expression of cytokines, apoptosis-
related factors and neurotrophic factors in the PTI-
NB rat brain (Hornig et al, 1999). Our results
regarding neurotrophin expression, onset of apop-
tosis and PC loss are in overall good agreement with
this study. However, Hornig et al, indicated that,
while reduced hippocampal neurotrophin expres-
sion was ®rst detected 4 weeks p.i., statistically
signi®cant differences were observed only 12 weeks
p.i. In contrast, our ®ndings indicate a much earlier
onset of statistically signi®cant decreased expres-
sion of components of the neurotrophin network,
and suggest a possible causal correlation with the
neuronal cell loss observed in PTI-NB rats. The
discrepancy between the two studies is likely due to
the different number of animals analyzed per group
and time point (three rats in Hornig et al, versus ®ve
rats in this study). Also, minor genetic differences
between Lewis rats substrains (Bender et al, 1994)
can in¯uence the clinical outcome of viral infec-
tions (e.g. Rift Valley fever virus; Michael Frese,
Freiburg, personal communication). The Lewis rats
and He/80 virus stocks used in the two studies were
obtained from different sources. Thus, slight genetic
differences possibly affecting both the Lewis rats
and virus stocks used might also account for the
discrepancies observed within the two studies.

Materials and methods

Virus stocks
The BDV stock used for infection of newborn rats
was the fourth brain passage (BDVRp4) in newborn
Lewis rats of the Giessen strain He/80 of BDV.
BDVRp4 was obtained from rat brain removed 4
weeks post neonatal infection (kindly provided by
Oliver Planz and Lothar Stitz, TuÈ bingen). Brains
were homogenized into a 10% suspension (wt/vol)
in sterile phosphate buffered saline (PBS). After
sonication, homogenate was frozen in liquid nitro-
gen, thawed and centrifuged at 48C for 5 min
(10 0006g). Aliquots of the supernatant were

stored at 7708C. The infectious titer in the super-
natant (46105 focus forming units (ffu)/ml) was
determined by an immunofocus assay (Herzog and
Rott, 1980).

Infection of rats
Pregnant Lewis rats (Charles River, Sulzfeld,
Germany) were monitored twice daily. Newborns
were inoculated intracranially within 15 h (12
litters) or 23 h (1 litter) after birth with 30 ml of
BDVRp4 (ca. 16104 ffu), or with 30 ml of a brain
homogenate (10% (wt/vol) suspension in PBS)
derived from an adult rat (sham). None of the rats
used in the study exhibited symptoms of BD.
Consistent with previous reports (Carbone et al,
1991; Bautista et al, 1994), beginning at day 21 p.i.,
PTI-NB rats exhibited reduced body weight (17 to
40%) compared to sex and age matched control rats.

Collection and preparation of tissues for
histological analysis
Rats were euthanized with CO2 at different time
points p.i. and immediately perfused transcardially
with sterile PBS followed by 4% buffered parafor-
maldehyde (PFA). The brains were removed and
post®xed in 4% buffered PFA for 24 h. Brains of rats
euthanized at day 8 p.i. were immersion-®xed in
4% buffered PFA for 24 h. After ®xation, brains
were dehydrated and embedded in paraf®n. Eight
and 10 mm thick sagittal sections were cut, mounted
onto polylysine-coated slides, dried overnight at
378C and stored at 48C.

Preparation of RNA
At various time points p.i., rats were euthanized
with CO2. The cerebelli and hippocampi were
quickly removed, immediately frozen in liquid
nitrogen and stored at 7708C until RNA was
prepared. Total RNA was isolated using TRIZOL-
reagent method (Life Technologies). Tissue homo-
genization was done in TRIZOL-reagent by vigorous
vortexing and passages through 21G needles. For
preparation of hippocampal RNA, glycogen (10 mg)
(Roche Molecular Biochemicals) was added to the
homogenates as a carrier. RNA samples were
dissolved in 0.5 mM EDTA and stored at 7708C.

Plasmid constructs
To generate probes encoding partial sequences of
trophic factors and neurotrophin receptors, total
RNA was prepared from whole brain of one adult
uninfected and BDV-infected rat, as well as from the
cerebellum of one adult rat. RNA was reverse
transcribed using either random hexanucleotides
or oligo(dT). The resulting cDNAs were employed
to amplify by PCR fragments of rat neurotrophins b-
NGF, NT-3, and BDNF; the growth factors bFGF, rat
IGF-I, and rat neurotrophin receptors trkB and trkC,
encompassing parts of their respective receptor
kinase (trkB-Kin, trkC-Kin) or extracellular domains
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(trkC-Ex). PCR was done using speci®c primers
¯anked by HindIII (sense primer) and EcoRI
(antisense primer) sites, which allowed subcloning
of the ampli®ed DNA fragments into the vector
pGEM-3Z (Promega, Madision, WI, USA). The
identity of the respective subcloned fragments was
veri®ed by sequence analysis. Comparison with
published sequences revealed single point muta-
tions in the NGF and BDNF probes, which,
however, did not affect their performance in
ribonuclease protection assay (RPA). To allow
normalization of neurotrophin and neurotrophin
receptor mRNA expression, each RPA included a
probe for detection of RNA coding for the house-
keeping gene ribosomal protein L32. For such
purpose, plasmid RPL32N was obtained by cloning
of a 99 bp L32-speci®c fragment from plasmid
RPL32 (Sauder and de la Torre, 1999) into pGEM-
3Z. Sequence positions and lengths of the sub-
cloned gene fragments, as well as restriction
enzymes and polymerases used for generation of
antisense and sense RNA probes employed for
RPA and in situ hybridization studies, are listed in
Table 1.

RNase protection assay
To generate a multiprobe set for simultaneous
detection of NGF, BDNF, NT-3, bFGF, IGF-I, and
L-32 mRNA transcripts, plasmids encoding seg-
ments of the respective genes were linearized,
puri®ed and adjusted to a concentration of 50 ng/
ml. Synthesis of the radiolabeled antisense RPA
probe set was done in a volume of 20 ml containing
100 mCi of [a-32P]UTP (3000 Ci/mmol), DTT
(200 nmol), transcription buffer (16, Promega),
1 ml of template set, rUTP (61 pmol), rGTP, rATP,
rCTP (2.75 nmol each), RNase inhibitor (28 U,
Pharmacia), and T7 RNA polymerase (20 U, Prome-
ga). After 1 h incubation at 378C, the template DNAs
were eliminated by treatment with DNase I (4 U,
Ambion) for 30 min at 378C. After extraction with
phenol-chloroform, probes were precipitated with
ethanol in the presence of glycogen (20 mg, Roche
Molecular Biochemicals) as carrier, dried and
dissolved (2.36105 c.p.m./ml) in hybridization buf-
fer (40 mM PIPES (pH 6.4), 0.4 M NaCl, 1 mM
EDTA and 80% formamide). Target RNA (10 mg)
was dried under vacuum and resuspended in 15 ml
of hybridization buffer supplemented with the
probe set (4.66105 c.p.m.). Samples were ®rst
heated at 938C for 3 ± 4 min in a heat block, the
latter transferred to a hybridization oven and
samples hybridized at 568C for 14 ± 18 h. Unpro-
tected RNA was eliminated by the addition of 280 ml
of a mixture containing RNase A (43 mg/ml; Sigma)
and RNase T1 (71 U/ml; Ambion) in 375 mM NaCl,
5 mM EDTA, pH 8.0 and 10 mM Tris HCl, pH 7.5 ±
8.0. After 60 min incubation at 308C, RNases were
inactivated for 30 min at 378C after addition of 30 ml
of a mixture containing SDS (6.6%), proteinase K

(1.7 mg/ml) and E. coli tRNA (330 mg/ml, Roche
Molecular Biochemicals). After phenol-chloroform
extraction, the protected RNA was precipitated
with ethanol, dried, resuspended in loading buffer
(80% formamide, 0.1% xylene cyanol, 0.1% brom-
phenol blue, 2 mM EDTA (pH 8.0)) and analyzed by
8 M Urea-PAGE. Dried gels were ®rst exposed using
a phosphoimager and subsequently exposed at
7708C using Biomax ®lms (Kodak). For analysis
of trkC-kin, trkC-ex and trkB-kin gene expression,
the respective linearized plasmids were mixed with
linearized plasmid RPL32N (ca. 250 ng/ml per
plasmid). RPA was carried out as described above
with the following modi®cations. For in vitro
transcription, 35 mCi of [a-32P]UTP (3000 Ci/mmol)
and 50 pmol of rUTP were used, and hybridization
was done using approximately 36105 c.p.m. of
probe.

Immunohistochemistry (IHC)
Sections from paraf®n embedded tissue (10 mm)
were stained with monoclonal antibody (mAb)
Bo18 (kindly provided by JuÈ rgen Richt, Giessen),
speci®c for BDV p40 protein (Haas et al, 1986), and
a mAb speci®c for rat calbindin-D28K (Sigma). After
deparaf®nation and rehydration, sections were
permeabilized in 0.5% Triton X-100/PBS for
5 min. After washing, slides were blocked in PBS/
5% horse serum (v/v) (Vector Laboratories, Burlin-
game, CA, USA) for 30 ± 60 min at room tempera-
ture (RT). Sections were incubated overnight at 48C
with mAbs to Bo18 or to calbindin-D, diluted 1 : 500
or 1 : 200, respectively, in PBS/5% horse serum.
Slides were washed and incubated for 30 min at RT
with a biotinylated secondary horse, anti-mouse
antibody, rat adsorbed (Vector Laboratories), at
1 : 200. Bound antibody was visualized with an
avidin-biotin peroxidase kit (ABC; Vector Labora-
tories) and diaminobenzidine as a substrate.
Sections were counterstained with Mayer's hema-
toxylin (Sigma), dehydrated in graded alcohols and
mounted in Entellan (Merck, Darmstadt).

In-situ hybridization
In-situ hybridization (ISH) was performed as
described by Simmons et al. (1989) with some
modi®cations. Brie¯y, paraf®n sections were depar-
af®nized and rehydrated in graded alcohols. Sec-
tions were then post®xed in 4% formaldehyde/PBS,
proteinase K treated (2.4 mg/100 ml of 56TE buf-
fer) for 15 min at 378C, and acetylated (250 ml acetic
anhydride in 100 ml PBS) for 10 min. After another
5 min ®xation in 4% formaldehyde/PBS, slides
were dehydrated in graded alcohols and dried. For
synthesis of the sense and antisense trkC-Ex probes,
the reaction mixtures (6.26 ml) contained 125 mCi
[a-33P]UTP (1000 ± 3000 Ci/mmol), ATP, GTP, CTP
(1.55 nmol each), transcription buffer (16, Prome-
ga), RNase inhibitor (9 U, Pharmacia), SP6 or T7
RNA Polymerase, (7 U each, Promega) and 0.5 mg of
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template, linearized with the respective restriction
enzyme (Table 1). After incubation at 378C for
90 min, DNA templates were removed at 378C
(30 min) by addition of DNase I (0.7 U, Ambion).
Probes were ethanol precipitated, dried and resus-
pended in 64 ml of TE buffer containing 28 U of
RNasin inhibitor (Pharmacia). Speci®c activities of
the probes were calculated and slides incubated at
568C overnight in hybridization buffer (100 ml; 50%
formamide, 10 mM EDTA, 10% dextran sulfate,
16Denhardt's, 10 mM DTT, 26SSPE, 100 mg E.
coli tRNA), containing 25 ng of probe (approxi-
mately 1.56107 d.p.m.). After digestion with
RNase A (20 mg/ml), slides were washed in decreas-
ing concentrations of SSC and dehydrated in graded
alcohols. Dehydrated slides were air dried and
exposed for 4 days to Ultra Vision G ®lm (Sterling,
Newark, DE, USA). Then, slides were dipped in
Kodak NTB-2 emulsion, dried and stored in the
dark for 4 weeks. Subsequently, slides were
developed, counterstained with Mayer's hematox-
ylin, mounted and examined by dark and bright
®eld microscopy.

Detection of neuronal cell death in situ
Cells with DNA strand breaks were detected
using a TUNEL (terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling) assay
(Gavrieli et al, 1992). One mM thick sections from
paraf®n embedded rat brains were deparaf®nized
and rehydrated in graded alcohols with an
incubation step in chloroform for 1 s in-between.
Sections were subsequently treated for 7 min at
378C with PBS/Proteinase K (10 mg/ml), for
30 min at RT in methanol/2.5% H2O2 (v/v), and
for 20 min at RT in terminal transferase buffer
(25 mM Tris, pH 6.6, 200 mM cacodylic acid,
200 mM KCl). Prior and between each of these
incubations, the slides were treated twice with
PBS/0.3% Triton X-100 at RT for 5 min, each.
The tailing reaction was performed for 1 h at
378C in the presence of tailing buffer (25 mM
Tris, pH 6.6, 200 mM cacodylic acid, BSA
(0.25 mg/ml)), 1 mM CoCl2, dATP, dCTP, dGTP
(20 mM each), dTTP (13 mM), Digoxigenin-dUTP
(7 mM) and terminal transferase (0.24 U/ml) (Fer-
mentas, Lithuania). After washes, slides were
incubated with PBS/0.3% Triton X-100 twice at
608C for 5 min and blocked by treatment with
10% fetal calf serum for 15 min at 378C.
Incubation with anti-Digoxigenin antibody,
coupled with horseradish-peroxidase (POD), was
done at a 1 : 100 dilution in 10% FCS for 30 min
at 378C. Bound antibody was revealed with
diaminobenzidine as a substrate and the reaction
was stopped after 5 ± 15 s by transfer to PBS.
Sections were counterstained with hematoxylin,
dehydrated and mounted in Entellan. To quanti-
tate the degree of apoptosis in the cerebellar
granule layers of both BDV-infected and control

rats, numbers of apoptotic cells in at least four
microscopic ®elds per slide were determined
(magni®cation 6250). Two slides per animal
were examined, and two BDV-infected and
control rats per time point were analyzed. Mean
values of apoptotic cells per counted ®eld were
calculated.

Statistical analysis
Two-way analysis of variance (ANOVA) with
groups (PTI-NB, sham; 2 ± 3 animals each per time
point analyzed) and days p.i. (8, 14, 21, 27, 33, 48
and 75) as independent factors was employed to
calculate group effects for mRNA expression of
neurotrophins, growth factors and neurotrophin
receptors in the rat cerebellum and hippocampus
(a=0.05). Two-way ANOVA with groups (PTI-NB,
sham; ®ve animals each per time point analyzed)
and days p.i. (14, 21 and 27) as independent
factors was employed to calculate group, day, as
well as group6day effects for mRNA expression of
neurotrophins, growth factors and the trkC-kin
neurotrophin receptor in the rat hippocampus
(a=0.05). Two-way ANOVA was followed by
post-hoc one-way ANOVA for pairwise compar-
isons between infected and noninfected animals at
each timepoint, as well as for groupwise compar-
isons of days.

Software and data processing
Autoradiographs and slides obtained from ISH and
IHC studies were scanned using an Agfa scanner
(Studio Scan II), or a Nikkon slide scanner (Cool-
scan 1000), respectively. Composite images were
generated using Adobe Photoshop (Adobe Systems,
Mountain View, CA, USA) and Microsoft Power
Point software. For quantitative analysis of RPA
results, dried gels were exposed to phosphoimager
plates and quantitations were done using Mac-
BAS2.2 software (Fuji Photo Film Co., Tokyo,
Japan). Graphical data were presented using Sigma
Plot software (SPSS, Chicago, IL, USA). Statistical
analysis was done with procedure GLM of SAS 6.12
software package (Cary, NC, USA).
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