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Infection of newborn rats with Borne disease virus (BDV) results in
selective degeneration of granule cell neurons of the dentate gyrus
(DG). To study cellular countermechanisms that might prevent this
pathology, we screened for rat strains resistant to this BDV-induced
neuronal degeneration. To this end, we infected hippocampal slice
cultures of different rat strains with BDV and analyzed for the
preservationof theDG.Whereas infected culturesoffive rat strains,
including Lewis (LEW) rats, exhibited a disrupted DG cytoarchitec-
ture, slices of three other rat strains, including Sprague–Dawley
(SD), were unaffected. However, efficiency of viral replication
was comparable in susceptible and resistant cultures. Moreover,
these rat strain–dependent differences in vulnerability were repli-
cated in vivo in neonatally infected LEW and SD rats. Intriguingly,
conditioned media from uninfected cultures of both LEW and SD
rats could prevent BDV-induced DG damage in infected LEW hippo-
campal cultures, whereas infection with BDV suppressed the avail-
ability of these factors from LEW but not in SD hippocampal
cultures. To gain further insights into the genetic basis for this rat
strain–dependent susceptibility, we analyzed DG granule cell sur-
vival in BDV-infected cultures of hippocampal neurons derived from
the F1 and F2 offspring of the crossing of SD and LEW rats. Genome-
wide association analysis revealed one resistance locus on chromo-
some (chr) 6q16 in SD rats and, surprisingly, a locus on chr3q21-23
that was associated with susceptibility. Thus, BDV-induced neuro-
nal degeneration is dependent on the host genetic background and
is prevented by soluble protective factors in the disease-resistant
SD rat strain.
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Borna disease virus (BDV) is a nonsegmented, negative-sense
RNA virus that persistently infects the CNS, resulting in

behavioral syndromes and disease in a wide range of mammalian
and avian species (1–3). Experimental infection of adult rats
provokes an immune-mediated disease with associated meningo-
encephalomyelitis and progressive movement disorders (1). In
contrast, infection of newborn rats causes no overt cellular im-
mune response, but the hippocampus of BDV-infected newborn
Lewis (LEW) or Wistar rats’ dentate granule cells (DGCs) none-
theless progressively degenerate (1, 4). This BDV-induced neu-
ronal degeneration can also be observed in infected organotypic
hippocampal slice cultures fromnewborn LEW rats (5). Using this
ex vivo tissue culture system, we recently showed that DGC de-
generation in the hippocampus is a postmaturation event after the
dentate gyrus (DG) is completely formed. Consistently, pro-
gressive loss of DGCs is observed 14 d post infection (PI) of
hippocampal slice cultures, accompanied by the retraction of
mossy fiber axons (5). The molecular mechanisms contributing to
this pathology are unknown; however, aberrant zinc homeostasis
(6) and activation of poly (ADP ribose) polymerase 1 and caspase
3 (7) might contribute to DGC degeneration. Interference with
neuronal signaling pathways might also contribute to this pathology,

especially because the phosphoprotein of BDV can act as a decoy
substrate for cellular kinases including PKC (8).
Viral dissemination and BDV-induced DGC loss in the hip-

pocampus were similar in newborn-infected LEW and histo-
compatible Fisher rats (9) and after infection of hippocampal
slice cultures of these animals (5), suggesting that the BDV-
associated susceptibility of certain rat strains to neuronal de-
generation may be mirrored in slice culture preparations.
However, mice and hippocampal slice cultures of mice do not
show any sign of neuronal degeneration in the hippocampus and
the remaining area of the CNS despite efficient infection with
BDV (10). This could reflect a general species-specific difference
in vulnerability. Alternatively, because only a limited number of rat
strains had previously been investigated, we hypothesized that there
might be rat strains that exhibit similar resistance to BDV-induced
pathology as mice. Most intriguingly, such susceptible and resistant
rat strains might serve as model systems to identify cellular counter
mechanisms that prevent neuronal degeneration in the CNS
following infection.
To identify rat strains that are resistant to BDV-induced

neuropathology in the hippocampus, we infected hippocampal
slice cultures of eight rat strains and determined the extent of
neuronal degeneration. Hippocampi of three of eight rat strains,
including Sprague-Dawley (SD), were resistant to DGC de-
generation despite efficient replication of BDV in these cultures.
These results were confirmed in vivo because SD maintained
their DGCs after neonatal infection but LEW rats did not. In-
triguingly, coculture of BDV-infected hippocampi of LEW and SD
rats revealed the presence of neuroprotective factor(s) in the cul-
ture media. Treatment of BDV-infected LEW cultures with con-
ditioned media revealed the presence of these protective factors in
the supernatant of uninfected SD and LEW cultures, respectively.
However, BDV infection suppressed the availability of these fac-
tors from LEW but not in SD hippocampal cultures. Finally, based
on genome-wide association studies, we provided evidence that
there is inheritance of one resistance locus on chromosome (chr)
6q16 and a susceptibility locus on chr3q21-23 in SD rats.

Results
Neuronal Integrity of the Hippocampus Is Dependent on the Rat
Strain Background. To assess the vulnerability of granule cells to
BDV infection, hippocampal slice cultures were prepared from
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the brains of various rat strains (Table 1), including susceptible
LEW rats, and infected with 1,000 focus forming units (FFU) of
BDV strainHe/80. At 28 d PI, slice cultures were paraformaldehyde-
fixed, resliced, and immunostained against BDV nucleoprotein
(BDV-N) and calbindin. The majority of rat strains, including
LEW rats, showed a severe reduction in calbindin-immuno-
positive DGCs and their mossy fiber projections (Fig. 1A and Fig.
S1A), which are typical for the cytoarchitectural changes ob-
served after BDV infection (5). In contrast, hippocampi of three
rat strains, including SD, showed typical C-shaped calbindin-
positive granule cell layers (Fig.1 A and B). BDV replication
efficiencies were comparable in susceptible and in resistant slice
cultures as judged by the accumulation of BDV-N and phos-
phoprotein (BDV-P) 1–4 wk PI by Western blot analysis (Fig. 1C
and Fig. S1 B–D). Moreover, we observed no difference in the
distribution of microglia cells between the BDV-infected LEW
and SD cultures (Fig. S2). To provide in vivo evidence for the rat
strain–dependent vulnerability of hippocampal granule cells
observed in slice cultures, newborn LEW and SD rats were
infected with BDV (5,000 FFU) intracranially. BDV-N was de-
tectable in neurons, including pyramidal cells andDGCs from both
LEWand SD rats at 4 wk PI, and theDGdid not exhibit any sign of
cell loss (Fig. 2). In sharp contrast, at 8 wk PI, calbindin-positive
granule cells had almost disappeared in the DG of the LEW rats,
whereas a densely packed granule cell layer and a mossy fiber
projection could still be observed in the SD rats. These data suggest
that BDV-induced degeneration is dependent on the rat strain
genetic background.

Soluble Protective Factor(s) in Conditioned Media Prevent BDV-
Induced Granule Cell Disturbances in Susceptible LEW Rats. Slice
cultures harboring the DG are not only viable ex vivo, but also
survive and are able to project mossy fibers to pyramidal cells
when cocultured with intact hippocampal slices (11). To de-
termine whether the DG of LEW rats shows an intrinsic suscep-
tibility to BDV-induced degeneration, we infected cocultures of
isolated LEW DG and intact hippocampal slice cultures of SD
rats. The granule cell layers of both the LEW and SD rats
remained calbindin-positive and showed mossy fiber projections
at 4 wk despite being infected with BDV (Fig. S3A). As expected,
axonal projections were missing in cocultures of LEW DG and
intact LEW hippocampal slice cultures (Fig. S3B). Similar main-
tenance of the DG cytoarchitecture was observed in cocultures of
intact LEW and SD hippocampi (Fig. 3A). These results suggest
that close contact to the SD hippocampal slices protects LEW
cultures from DG degeneration.
Interestingly, BDV-infected LEW cultures placed 1 cm from

infected SD cultures also showed a normal formation of a C-
shaped DG and a mossy fiber projection (Fig. 3B), suggesting
that soluble factor(s) from SD cultures protect cultured LEW
cells from neuronal degeneration. To confirm the presence of
such factor(s), we supplemented the media of infected LEW
hippocampal cultures with media of either infected or un-
infected SD cultures at a ratio of 2:1 (SD medium:fresh

medium) every 2 d for 28 d. In both cases, this treatment pre-
vented the BDV-induced loss of calbindin-positive granule
cells and their mossy fiber projections in >90% of the LEW
cultures (Fig. 3C). However, supplementation at a ratio of 1:1 or
1:2 did not preserve the DG of infected LEW cultures (Fig. S4 A
and B). Filtration of the supernatant revealed that the bioactive
native size of this putative protective factor(s) was between 30 and
50 kDa (Fig. S4C). Intriguingly, supplementation with media of
uninfected LEW hippocampal cultures at a ratio of 2:1 also
prevented BDV-induced pathology in 11 of 14 infected LEW
cultures (79%), whereas media from BDV-infected LEW cul-
tures led to a preservation of the DG in only 7 of 16 LEW cultures
(44%) (Fig. 3C), suggesting that the amount and/or activity of the
protective factor(s) released from LEW cultures is suppressed
after BDV infection.

Table 1. Hippocampal pathology in BDV infection slice cultures

Rat strain DG degeneration

SD No
Brown Norway No
Spontaneously hypertensive rat No
Fisher Yes
LEW Yes
Piebald-Viral-Glaxo Yes
Wistar Kyoto Yes
Wistar Yes

Fig. 1. Disturbances of the granule cell layers in hippocampal slice cultures
from different rat strains after BDV infection. (A) Hippocampal slice cultures
from SD and LEW rat strains prepared after birth (P0-P2) were either infected
with ca. 1000 focus forming units of BDV immediately or left uninfected
(control) and stained for calbindin (red). (Inset) Micrographs illustrating BDV-N
(green) immunofluorescence. CA1, CA3, hippocampal subfields; dg, dentate
gyrus; mf, mossy fiber projection. (Scale bar, 100 μm.) (B) Percentage of total
hippocampal slice cultures of LEW and SD rats, either infected or uninfected
with BDV, were analyzed as described in (A). (+), intact DG; (−), loss of cal-
bindin-immunopositive granule cells and mossy fiber projections. Numbers of
slice cultures are indicated. (C) BDV-N levels in infected hippocampal slices
cultures from SD and LEW rats at the indicated time points PI as judged by
Western blot analysis. Levels of β-tubulin served as loading control.

1900 | www.pnas.org/cgi/doi/10.1073/pnas.1214939110 Wu et al.
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Based on the molecular weight of 28 kDa of the mature
brain-derived neurotrophic factor (BDNF) dimer and the
known interference of BDV with BDNF-mediated signaling
events (12), we speculated that this protein might be involved
in the protection of LEW DGC from virus-induced neuronal de-
generation. Indeed, exogenous administration of high concen-
trations of soluble BDNF in BDV-infected LEW slice cultures
resulted in partial protection (54% of total slices) (Fig. S5). Con-
sistent with this result, depleting BDNF from the culture media of
BDV-infected SD cultures by introduction of neutralizing anti-
BDNF antibody increased the pathologic changes in hippocampus
(47%of total slices) (Fig. S5). However, attempts to quantify BDNF
in the culture media of infected and uninfected LEW and SD cul-
tures by ELISA failed, indicating that only trace amounts of this
protein are secreted.

Supply of the Protective Factor Is Required During Postnatal Maturation
of the DG. Earlier studies indicated that axonal retraction and
neuronal degeneration of the granule cells in BDV-infected cul-
tures occurs after 2 wk when postnatal maturation of the DG is
completed (5). Damage of neurons might occur before maturation
of theDG, however; thus, the presence of protective factors is likely
to be required early during the infection. To test this, we supple-
mented the media of BDV-infected LEW cultures with media of
uninfected SD cultures at different time points PI. The presence of
conditioned SD media from 7 to 28 d PI did not protect LEW
cultures fromDGdegeneration (Fig. 3D). Similarly, the presence of
conditioned media from 14 to 28 d PI resulted in protection of only
13% of cultures (Fig. 3D). Significant increase in protection was
observed only when conditioned media was present from 2–14
(30%) or from 2–21 d PI. (68%). These results indicate that neu-
ronal protection is required throughout the maturation period of
the DG. Consistently, infection of LEW hippocampal slice cultures
at 2 wk (after formation of the DG is completed) resulted in an
efficient infection of the culture, but no reduction in calbindin-
immunopositive DGCs and their mossy fiber projection (Fig. S6),
indicating that the BDV-mediated neuronal loss is initiated during
postnatal development.

Mapping of Resistance and Susceptibility Loci in SD Rats. To gain
insights into the genetic constellation involved in theBDV-mediated
hippocampal pathology, we crossed LEW and SD rats and infected
the corresponding hippocampal cultures of 31 F1 and 198 F2
offspring with BDV. Whereas only 10% of the cultures from F1

offspring of male SD and female LEW exhibited a normal DG
cytoarchitecture, a significantly higher proportion (66%) of the F1
cultures from male LEW and female SD rats were observed with
intact DG (Fig. S7A). However, independent on the combination

Fig. 2. Differences in granule cell vulnerability between SD and LEW rats
after BDV infection. Immunofluorescent micrographs of hippocampi from
neonatally BDV-infected LEW and SD rats at either 4 or 8 wk PI and un-
infected animals (8 wk after birth) stained for BDV-N (green) and calbindin
(red). DAPI nuclear staining was used to illustrate the cytoarchitectural or-
ganization. CA3, hippocampal subfields; dg, dentate gyrus; mf, mossy fiber
projection. (Scale bar, 100 μm.)

Fig. 3. Granule cell damage in BDV-infected hippocampal cultures of LEW
rats can be prevented by addition of conditioned media. (A and B) Hippocampi
from newborn LEW and SD rats were either cultured adjacent or ca. 1 cm apart
[see schematic drawing: LEW (red) and SD (blue)] and immediately infected
with BDV [1,000 focus forming units (FFU)]. After 4 wk incubation, calbindin-
immunostaining (red) revealed an intact cytoarchitecture and mossy fiber
projections in both LEW cultures. (Insets) Staining against BDV-N (green). CA1,
CA3, hippocampal subfields; dg, dentate gyrus; mf, mossy fiber projection.
(Scale bar, 100 μm.) (C) To test for the presence of protective factors released in
the nutrient medium, hippocampi from LEW and SD rats were prepared at the
same time and either infected with BDV (1,000 FFU) or remained noninfected.
The nutrient medium in the hippocampal cultures was changed 3 times per
week over 4 wk of the incubation period. At each medium exchange, medium
from the indicated donor cultures was mixed with fresh medium at a ratio of
2 (donor medium):1 (fresh medium) and supplied to BDV-infected LEW cul-
tures. At 4 wk PI, the cultures were examined as described in (A). Numbers
indicate the amount of slices used in this experiment. (D) Nutrient media of
BDV-infected LEW cultures were substituted with filtered supernatant of un-
infected SD hippocampal cultures as described in (C) during the indicated
periods (black part of the arrows). At 4 wk PI, the cultures were judged as
described in (A). Numbers indicate the amount of independent slice cultures
used. (+), intact DG; (−), loss of calbindin-immunoppositive granule cell layer
and axonal mossy fiber projection.
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of the F0 generation, a comparable degree of DG resistance was
observed in cultures of the F2 offspring (∼33%, Fig. S7A). To
identify disease-related loci, SNPs were determined from all ani-
mals and used for genome-wide association analysis. This revealed
significant loci with a 5% Benjamini-Hochberg false discovery rate
(FDR) on chr3q21-23 and chr6q16 spanning 19.3 Mbps and 11.4
Mbps, respectively. Within these loci on chr 3 and 6, 23 and 4,
significant genetic patterns comprising 351 and 51 SNPs were
present, respectively (Fig. 4A, Table S1). Intriguingly, the 3q21-23
loci significantly correlated (P value of 5.17 × 10−6, 2.5% FDR) in
SD allele carriers that exhibited pronounced DG degeneration af-
ter BDV infection (Fig. 4B, Left). In contrast, the 6q16 locus sig-
nificantly (minimum P value = 6.98 × 10−5, 3.3% FDR) increased
the protective effect in the SD allele carriers (Fig. 4B, Right). Thus,
11 of 13 homozygote SD allele carriers at 6q16 locus preserved an
intact DG cytoarchitecture upon BDV infection. Interestingly, all
of the homozygote SD allele carriers at this position were offspring

of the female SD founder. Indeed, the allele status analysis revealed
that female SD founder had a heterozygote allele, whereas themale
SD founder had either a homozygote LEW allele or a heterozygote
allele (Fig. S7B).

Discussion
In contrast to mice, infection of newborn rats with BDV is as-
sociated with a selective degeneration of the hippocampal granule
cells.Wedemonstrate here that this virus-induced pathologic change
is dependent on the host genetic background. We further show that
cellular factor(s) released into the culture medium of hippocampal
slice cultures from resistant SD rats protect BDV-infected cultures
of LEWrats fromneuronal degeneration.Moreover, the presence of
this protective factor(s) is required before and throughout the
process of completing the development of connectivity within the
hippocampus. Finally, we provide strong genetic evidence that
resistance to BDV-induced neuronal degeneration is inherited

Fig. 4. Identification of genetic loci related to the BDV-induced alteration in the hippocampus. (A) Manhattan plot of the association analysis results on 198
(n = 115 SD×LEW and n = 83 LEW×SD) F2 rats. Physical positions of the SDPs and -log10 Fisher test P values are given on X and Y respectively. The red line
represents the Benjamini-Hochberg 5% FDR cutoff. Chromosomes 3 and 6, having significant association results, are marked red and blue, respectively. (B)
Count of SD genotypes, LEW genotypes, and heterozygotes in resistant (white) and susceptible (gray) F2 offspring. The SNP pattern representing the most
significant associated SNPs on (Left) chr3:39,803,691–39,804,005 (2 SNPs; P value = 5.17 × 10−6) and on (Right) chr6:41,379,239–41,562,454 (13 SNPs; P value =
6.98 × 10−5), respectively.

1902 | www.pnas.org/cgi/doi/10.1073/pnas.1214939110 Wu et al.
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and identify both a resistance and a susceptibility locus on chr6
and 3, respectively, of SD rats.
Several lines of evidence indicate that the differences in the

BDV-induced neuronal loss in the rat hippocampus depend on
the genetic background. In hippocampal slice culture, BDV-
associated degeneration is absent in three of eight distantly related
rat strains (13), supporting the concept that resistance does not
represent a unique feature of one rat strain only. Both the viral
replication efficiency and the subcellular tropism were comparable
in susceptible and resistant cultures, indicating that resistance to
BDV-mediated neuronal losses is not simply mediated by in-
terfering with viral growth in certain rat strains. Furthermore, this
pattern of strain-dependent susceptibility is also observed in vivo.
Finally, consistent with a genetic contribution, we observed an in-
heritance of the resistant phenotype during in vivo studies and
found a single resistance locus on chr 6 that was associated with SD
alleles in genome-wide association studies. Intriguingly, we also
identified a susceptible locus on chr 3 that correlated with the
degree of DG degeneration in hippocampal slice cultures from
SD × LEW F1 and F2 offspring. Thus, it seems likely that the
resistant phenotype in SD is the result of a successful genetic
buffering that does not occur in susceptible rat strains. In vivo
infections of F1/F2 generation animals may have been a useful
corroboration of our findings. However, we have previously dem-
onstrated a high level of correlation between results obtained in
vivo and those obtained with hippocampal slice cultures (5) and,
moreover, the numbers of animals required made it infeasible to
pursue such studies within the scope of the current work.
We hypothesize that BDV infection reduces a critical level

of a neuroprotective factor(s) in LEW hippocampal cultures
that is required for protecting the DG from degeneration. This
was based on the observation that media from uninfected but
not infected LEW hippocampal cultures provide protection
from BDV-mediated neuronal degeneration. We identified
BDNF as a potential protective cellular factor because the
addition of recombinant BDNF to infected LEW cultures
protected from DG degeneration and the depletion of BDNF
from infected SD cultures resulted in DG degeneration.
However, protective and disease-inducing effects were only
partial, suggesting that there are other factors yet to be iden-
tified that might also prevent DG degeneration. In this respect,
the genes located around the mapped loci appear to be par-
ticularly interesting (Table S2).
One interesting gene on chr 3 is CHN1, chimerin 1 (chr3q23),

a locus that encodes a neuronal GTPase-activating protein that
exhibits an essential role in axon guidance and the establish-
ment of neuronal circuits (14, 15). Another candidate gene on
chr 3 is RBM45, coding for the RNA binding motif protein 45
(chr3q23). This protein has been proposed to have significant
function in neurogenesis (16). Moreover, on chr6, one potential
candidate is the gene for KIDINS220, which codes for the ki-
nase D–interacting substrate of 220 kDa (chr6q16). Kidins220
is an integral membrane protein selectively expressed in the
brain and neuroendocrine cells (17). Growing evidence suggests
that Kidins220 has a multifunctional role involving neuronal
polarity, development, differentiation, survival, and as a neuro-
transmitter in signaling pathways (18–20). Other interesting gene
candidates encode proteins belonging to a neuronal Ca2+-sensor
family: VSNL1 (visinin-like protein 1; at chr6q14) and HPCAL1
(hippocalcin-like protein-1; at chr6q16). Both proteins are highly
expressed in many regions of the CNS, including the hippocampus
and the cerebellum (21), and have been implicated in several
neuronal disorders, such as Alzheimer’s disease (22). Vsnl1 is
suggested to play a role in neuronal loss mediated by altered
Ca2+-homeostasis, whereas Hpcal1 may function together with
cytochrome b5 in an antioxidant system that is impaired in
patients with Alzheimer’s disease (22).

A sixth and perhaps the most likely candidate gene isMYCN,
coding for n-myc proto-oncogene protein (chr6q14). Mycn has
been shown to colocalize with a transcription repressor, the
methyl CpG binding protein 2 (Mecp2), at varies target sites,
including the gene coding for BDNF, thereby regulating tran-
scriptional activities (23). Interestingly, comparison of BDV-
infected and uninfected primary rat neuronal cultures revealed
that the protein level of Mecp2 is down-regulated in infected
cells (24). Therefore, it appears possible that Mycn may help
protect the DG from damage in SD allele carriers. However, we
currently lack a simple cell culture system to evaluate the
contribution of gene candidates of the resistant loci, because
dissociated primary neuronal cultures from susceptible and
resistant rats show no detectable signs of cell damage after in-
fection with BDV (12).
Intriguingly, BDV-induced degeneration was only observed

after granule cell layers in slice cultures had completed their
maturation, which typically occurs after 2 wk in culture (5).
Nonetheless, to prevent the DG from degeneration, supplement
of BDV-infected LEW hippocampal cultures with media from
SD cultures is required as early as 3 d PI. Together with the ob-
servation that granule cells remained intact after being infected at 2
wk in vitro, this raises the possibility that thematuration process per
se represents the sensitive phase during which noxious events can
have a deleterious impact on specific cell populations (25). The
ability of BDV to infect immature transcription factor prospero
homeobox protein (Prox 1)-positive DGCs (26) in LEW cultures
(5) may relate to the capacity of BDV to trigger cell apoptosis
after DG maturation (27). Unfortunately, we currently lack a di-
rect and simple tool to monitor the development of a single
BDV-infected cell within slice cultures. It is therefore difficult
to illustrate the mechanisms by which BDV infection influences
the fate of the DGCs.
Comparison of rat strains that are susceptible or resistant to

BDV-induced brain degeneration represents a unique means
of studying both neuronal survival and degeneration processes
during the maturation of the hippocampus. This model system
might be additionally used to identify cellular factors and
networks that efficiently prevent virus-induced cell damage in
the brain.

Materials and Methods
Preparation and Infection of Organotypic Slice Cultures. Hippocampi were
dissected from rat pups (P0 to P2) and processed and infected with 1 μL of
BDV virus stock, corresponding to ca. 1,000 FFU as described (5). Control
cultures received normal medium but without BDV infection.

In Vivo Infection of Newborn Rats. Newborn LEW and SD rats were infected
intracranially with 20 μL (250 FFU/μL) of rat brain–derived BDV within 24 h
after birth (28). All animal experiments were performed in accordance with
the German animal protection law (Tierschutzgesetz). The animal welfare
committees of the University Freiburg (Regierungspräsidium Freiburg) ap-
proved all animal experiments.

Immunohistofluorescence and Western Blot Analysis. Cultures selected for
morphological analysis were fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer for 2 h, resliced, and stained for BDV-N, BDV-P, or calbindin
as described (5). Western blot analyses were carried out as described pre-
viously (29) using mouse-anti-β tubulin antibody (Sigma) and polyclonal
rabbit-anti-BDV N or anti-BDV-P antibodies (29).

Preparation of Conditioned Medium. Medium from donor cultures was col-
lected at every medium change and either directly mixed with fresh nutrient
medium at the indicated ratio (donor medium/fresh medium) and applied to
slice cultures or first filtered through membranes with different cutoff sizes
[300 kDa, 100 kDa (Sartorius Stedim), 50 kDa, 30 kDa, and 10 kDa (Millipore)]
according to the manufacturer’s instructions.

Treatment of BDNF or BDNF Neutralizing Antibody. The hippocampal slice
cultures were prepared from newborn LEW rats (P0 to P2), immediately
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infected with BDV (∼1,000 FFU) or left uninfected, and supplemented with
either 100 ng/mL of recombinant human BDNF (Millipore) or BDNF neu-
tralizing antibody [5 μg/mL of BDNF neutralizing antibody (Millipore)]. At
each medium exchange, fresh recombinant BDNF or BDNF neutralizing an-
tibody was added into each well.

Genome-wide Association Analyses. For large-scale SNP genotyping of the
LEW and SD founder and their offspring, we used a previously designed

custom high-density SNP genotyping array (RATDIV array) containing
803,485 SNPs. For further information, see SI Materials and Methods.
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