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Neonatal Borna disease (NBD) virus infection in the Lewis rat results in life-long viral
persistence and causes behavioral and neurodevelopmental abnormalities. A hallmark
of the disorder is progressive loss of cerebellar Purkinje and dentate gyrus granule
cells. Findings of increased brain metallothionein-l and -lI (MT-1/-1l) mRNA expression
in cDNA microarray experiments led us to investigate MT isoforms and their relation-
ship to brain zinc metabolism, cellular toxicity, and neurodevelopmental abnormalities
in this model. Real-time PCR confirmed marked induction of MT-1/-Il mRNA expression
in the brains of NBD rats (40.5-fold increase in cerebellum, p<0.0001; 6.8-fold increase
in hippocampus, p=0.003; and 9.5-fold increase in striatum, p=0.0012), whereas a
trend toward decreased MT-IIl mRNA was found in hippocampus (1.25-fold decrease,
p=0.0841). Double label immunofluorescence revealed prominent MT-I/-1l expression
in astrocytes throughout the brain; MT-1ll protein was decreased in granule cell neu-
rons and increased in astrocytes, with differential subcellular distribution from cyto-
plasmic to nuclear compartments in NBD rat hippocampus. Modified Timm staining of
hippocampus revealed reduced zinc in mossy fiber projections to the hilus and CA3,
accumulation of zinc in glial cells and degenerating granule cell somata, and robust
mossy fiber sprouting into the inner molecular layer of the dentate gyrus. Zinc Trans-
porter 3 (ZnT-3) mRNA expression was decreased in hippocampus (2.3-fold decrease,
p=0.0065); staining for its correlate protein was reduced in hippocampal mossy fibers.
Furthermore, 2 molecules implicated in axonal pathfinding and mossy fiber sprouting,
the extracellular matrix glycoprotein, tenascin-R (TN-R), and the hyaluronan receptor
CD44, were increased in NBD hippocampal neuropil. Abnormal zinc metabolism and
mechanisms of neuroplasticity may contribute to the pathogenesis of disease in this
model, raising more general implications for neurodevelopmental damage following
viral infections in early life.

Brain Pathol 2006;16:1-14.

INTRODUCTION of specific neuronal subsets are unknown.

Borna disease virus (BDV) is a neuro-
tropic RNA virus that infects a wide variety
of warm-blooded animals. Lewis rats ex-
perimentally infected as adults have menin-
goencephalitis and a progressive movement
disorder; infected neonates do not mount a
cellular immune response to infection, yet
have microglial activation, proinflammato-
ry cytokine gene expression, cerebellar and
hippocampal dysgenesis, and disturbances
of learning, mood and behavior (neonatal
Borna disease, NBD) (6). Although BDV
is noncytolytic, neuronal apoptosis is ob-
served in cerebellum and hippocampus in
NBD (25, 62). However, the cellular and
molecular mechanisms responsible for loss

Damage is proposed to result from virus-
mediated obstruction of cellular prolifera-
tion, differentiation, or survival pathways.
NBD is associated with altered brain levels
of transcripts encoding cytokines (IL-1f3,
IL-6, TNF-a, and TGF-B1); neurotrophic
factors (brain-derived neurotrophic factor
[BDNF], nerve growth factor [NGF], and
neurotrophin-3 [N'T-3]); neurotransmitters
and receptors (serotonin, dopamine); and
apoptosis-related products (Fas, caspase-
1, and Bcl-x) (6, 25). Decreased levels of
2 presynaptic proteins involved in synaptic
plasticity, synaptophysin and GAP-43, are
observed in regions of neuronal loss (22).
Functional disturbances of infected astro-

cytes may also contribute to pathogenesis
in NBD. Astrocytes are intimately associ-
ated with neuronal synapses and regulate
glutamate uptake/release and secretion of
soluble factors that promote neurogenesis,
neuron survival, and neurite extension (1,
41, 54). Persistent BDV infection of pri-
mary feline cortical astrocytes results in in-
hibition of glutamate uptake (3).

The role of zinc in normal brain matu-
ration and in disturbances of neurodevel-
opmental processes has only begun to be
examined. Although zinc homeostasis may
play a regulatory role during neurotrans-
mission, it has been suggested that zinc may
also contribute to neuronal injury in patho-
logical contexts. High levels of zinc are toxic
to both neuronal and non-neuronal cells in
vitro (13, 66) and neuronal zinc accumu-
lation correlates with neurodegeneration
in models of brain injury (20, 33, 55, 56).
Nonetheless, zinc is indispensable for nor-
mal brain development and is required for
the function of over 200 enzymes and pro-
teins (59). Zinc is abundant in the normal
brain and gradually increases during early
postnatal development (neonatal growth
spurt), with high concentrations in the
cerebellum of neonates and in the hippo-
campus of adult rats (49). The majority of
brain zinc is associated with metalloprotein
complexes. The remaining zinc (approxi-
mately 10%) is localized at synaptic vesicles
in a subset of glutamatergic neurons (19).
Particularly high concentrations of zinc are
found in hippocampal granule cell mossy
fibers, where zinc is released along with glu-
tamate during synaptic transmission and
may serve as an endogenous neuromodula-
tor of NMDA, AMPA, and GABA receptors
and the glial glutamate transporter, EAAT1
(13, 60). Homeostatic controls over zinc
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Gene (Accession #) Primer Pairs (5’-3’) [ Reaction Concentration] and probe Amplicon (bp)
For: AGGGCTGTGTCTGCAAAGGT [100nm]
MT-I/ -1l (JOO750) Rev: CAAGACTCTGAGTTGGTCCGG [100nm] 110

FAM-ACGTGCTGTGCCTGAAGTGACGAAC-TAMRA

MT-IIl (BC058453)

For: TACAGTCTCTCGCGGCTGCT [100nm]
Rev: GCAGCTCTTCTTGCAGTTCGT [100nm] 130
FAM-CCTGTCCTACTGGTGGTTCCTGCACCT-TAMRA

ZnT-3 (AY538655)

For: AAGCCCCAGTACAAGGTGGC [300nm]
Rev: ACCTTCCATGAGGACGAGGA [300nm] 110
FAM-CAGCACCTTCCTCTTCTCTATCTGCGCC-TAMRA

ZnT-1(U17133)

For: GGACCAGGCAGAGCCAGAG [300nm]
Rev: GGACGTGCAGAAACACTCCTC [300nm] 145
FAM-AATGGGAATCTCATCCAGGAGTCAGACAGTC-TAMRA

PBGD (X06827)

For: ATTCGGGGAAACCTCAACACC [300nm]
Rev: CTGACCCACAGCATACATGCAT [300nm] 157
FAM-GCAAGATCTGGCCCACCCGGTT-TAMRA

Table 1. Real-time PCR: rat gene-specific, primer and probe combinations. Accession numbers are given for
sequence used to design primer and probe sets using Primer Express software. The final concentration of
primers used in real-time PCR reactions and amplicon size are indicated.

bioavailability, vesicular storage/sequestra-
tion, and cellular influx and extrusion are
mediated in large part by zinc-sequestering
proteins (metallothioneins and albumin),
amino acids (histidine and cysteine) and a
family of zinc transporters (ZnT1-ZnT4)
(17, 57). Zinc is a potent physiological in-
ducer of metallothionein (MT) expression
through the zinc-dependent transcription
factor, MTF-1, and metal response ele-
ments in the promoter of MT genes (23).
Conversely, MT is also intimately involved
in the regulation of zinc homeostasis and
bioavailability (29).

Here, we describe evidence that abnor-
malities in zinc regulatory systems may
contribute to the pathology of NBD. Our
findings are consistent with other forms of
zinc-associated neurodegeneration and may
have general implications for understand-
ing how infections in early life cause neuro-
developmental damage.

MATERIALS AND METHODS

Animals. Lewis rat dams were obtained
from Charles River Laboratories (Wilming-
ton, Mass). Within 12 hours of birth, Lewis
rat pups were inoculated into the right ce-
rebral hemisphere with 50 pl of 5x 10° tis-
sue culture infectious units of BDV strain
He/80-1 (NBD) or phosphate buffered
saline (control). Rats were sacrificed at 4
weeks of age for nucleic acid, protein and
anatomic analyses.

RNA extraction. At 4 weeks post inocu-
lation NBD (n=7) and control (n=5) rats
were terminally anesthetized with CO.,.
Brain regions (cerebellum, hippocampus,
and striatum) were immediately dissected,
snap frozen in TRIzol (Invitrogen, Carls-
bad, Calif), and stored at -80°C. Total
RNA was extracted from cerebellum, hip-
pocampus, and striatum of individual ani-
mals using acid phenol extraction.

Microarray analysis. Equal amounts of
total RNA extracted from either cerebellum
or hippocampus of individual animals were
pooled to create a single control RNA sam-
ple (n=5 control rats) and an NBD RNA
pool (n=7 NBD rats) for use in microarray
assays. Indirect labeling and cDNA syn-
thesis were performed using 3DNA Array
350 Expression Array Detection Kit for
Microarrays (Genisphere, Hatfield, Pa).
Five pg of RNA were reverse transcribed
using random primers tagged with either
Cy3 (BDV pool) or Cy5 (Control pool)
3DNA capture sequences. After combin-
ing Cy3 and Cy5 capture sequence-labeled
products, cDNA was ethanol precipitated,
resuspended in water and hybridized to a
rat 8K oligonucleotide array (Center for
Applied Genomics, Public Health Research
Institute, Newark, NJ) using the 3DNA
Array 350 kit. Briefly, Genisphere 3DNA
tagged cDNA was incubated at 80°C for
10 minutes with a SDS-based hybridiza-
tion buffer containing denatured human

Cot-1 DNA (1 pg/40 pl, Invitrogen/Gibco
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LTI, Gaithersburg, Md) before applying to
the prewarmed microarray in a humidified
hybridization chamber. After hybridization
at 53°C for 18 hours, slides were washed
for 15 minutes each in 2 xSSC/0.2% SDS
at 42°C, 2xSSC at room temperature,
0.2xSSC at room temperature, and then
dried by centrifugation. The hybridized
cDNA was fluorescence-labeled during
an additional hybridization with the Cy3-
3DNA and Cy5-3DNA capture reagents
in SDS-hybridization buffer for 3 hours
at 62°C, followed by sequential washes for
15 minutes each in 2xSSC/0.2%SDS at
65°C, and 2xSSC and 0.2 xSSC at room
temperature. slides
were dried by centrifugation and scanned
with a GenePix 4000B scanner (Axon In-
struments, Inc., Union City, Calif) at 5-pm
resolution; variable gains were used on the

Fluorescence-labeled

photomultiplier tube to acquire high in-
tensity scans without oversaturation. For
each spot, background-subtracted signal
intensity, acquired using GenePix Pro 4.1
software, was normalized for both Cy3 and
Cy5 expression by scaling individual spot
intensities in each channel to the total in-
tensity of all spots on the array. Microarray
experiments using cerebellar and hippo-
campal RNA sets were performed in trip-
licate. Data were paired for each array, and
analyzed using the Cyber T web interface
(hrtp:Ifvisitor.ics.uci.edu/genex/cybert/). Dif-
ferences in gene hybridization signal that
met the following criteria were considered
to be significant: fold-change greater than
2.0 or less than -2.0, and p<0.05 (paired
t-test).

Quantitative real-time PCR. Intron/exon
spanning, gene-specific PCR primers and
fluorophore-labeled oligonucleotide probes
specific for rat Metallothionein-I and -II
(MT-1/-1I), Metallothionein-III (MT-III),
Zinc Transporter 3 (ZnT-3), Zinc Trans-
porter 1 (ZnT-1), and Porphobilinogen
Deaminase (PBGD) as housekeeping gene
control were designed for real-time PCR
using Primer Express 1.0 software (Applied
Biosystems (ABI), Foster City, Calif) (Table
1). The probes were labeled with a 5’-end
fluorescent reporter dye, 6-carboxyfluores-
cein (FAM), and a 3’-end quencher dye,
6-carboxy-tetramethyl-rhodamine (TAM-
RA). PCR standards for determining gene
copy number of the target transcript were
created by cloning the region of the gene



to be analyzed into the pGEM-T easy vec-
tor (Promega Corporation, Madison, Wis).
Linearized plasmid was quantitated by UV
spectroscopy and 10-fold serial dilutions
were created in distilled water containing
yeast tRNA (1 ng/pl) ranging from 5x 10°
to 5x10' copies for MT-I/-1I, 5x10° to
5x 10" copies for MT-III, 5x 10° to 5x 10°
copies for ZnT-3, and 5x 10° to 5x 10" for
ZnT-1. RNA from hippocampus, cerebel-
lum or striatum of individual animals was
used for real time PCR assays. cDNA was
synthesized using Tagman reverse transcrip-
tion reagents (ABI) from 2-pg unpooled
RNA per 100-pl reaction from either the
cerebellum, hippocampus, or striatum of
each of 7 NBD rats and 5 control rats; each
sample was assayed in triplicate. For MT-1/-
IT real-time PCR, cDNA was diluted 1:100
due to the high copy number obtained in
brain tissue. For all other genes cDNA was
used undiluted. Each 25-pl amplification
reaction contained 10 pl template cDNA,
12.5 pl Universal Master Mix (ABI), 200-
nM probe, and the primer concentrations
given in Table 1. The thermal cycling pro-
file using a Model 7700 Sequence Detec-
tor System (ABI) consisted of: Stage 1, one
cycle at 50°C for 2 minutes; Stage 2, one
cycle at 95°C for 10 minutes; Stage 3, 45
cycles at 95°C for 15 seconds and 60°C for
one minute. To control for mRNA integ-
rity and PCR efficiency, a porphobilinogen
deaminase (PBGD) fragment was ampli-
fied in triplicate reactions by real-time PCR
on the same plate as the gene of interest.
The mean concentration of PBGD in each
sample, based on triplicate values, was used
to control for integrity of input mRNA and
to normalize values of target gene expres-
sion to those of the housekeeping gene ex-
pression. The final results are expressed as
the mean number of copies per 200 ng total
RNA for MT-II, ZnT-3, and ZnT-1 and
mean number of copies per 1:100 dilution
of 200 ng total RNA for MT-I/-11, relative
to values obtained for PBGD mRNA. A
negative control lacking cDNA template
was included with each assay to confirm
specificity. For verification of single amplifi-
cation products, PCR reactions were exam-
ined by 1.5% agarose gel electrophoresis.
Metallothionein western immunoblot.
Hippocampus, striatum, and cerebellum
were dissected from 4-week-old NBD
and control rats and homogenized in PBS

containing protease inhibitors (Complete
Mini, EDTA-free tablets, Roche Mo-
lecular Biochemicals, Indianapolis, Ind).
Homogenates were centrifuged at 12000
rpm for 15 minutes at 4°C. Supernatants
were collected and protein concentrations
estimated by Bradford assay (Bio-Rad,
Hercules, Calif). Proteins from regional
brain homogenate (20 pg) in sample buf-
fer (10 mM Tris-HCI, pH 7.5; 10 mM
EDTA, 20% v/v glycerol; 1% w/v SDS;
0.005% w/v bromphenol blue; 100 mM
dithiothreitol) were boiled for 5 minutes
and size fractionated by 18% SDS-PAGE.
Gels and 0.2-pm nitrocellulose membranes
(Pierce Biotechnology, Inc., Rockford, III)
were briefly equilibrated in transfer buffer
(25 mM Tris-HCl, pH 8.3; 192 mM gly-
cine; 20% methanol; 2 mM CaCl,) before
transferring proteins to membranes using a
semi-dry blotting apparatus (Owl Separa-
tion Systems, Portsmouth, NH). Follow-
ing transfer, membranes were incubated in
2.5% glutaraldehyde in water for one hour
at room temperature, washed 2x 10 min-
utes in PBS, followed by an additional 10-
minute wash with 50 mM monoethanol-
amine in PBS. Membranes were blocked in
2% nonfat milk powder in TTBS (20 mM
Tris-HCl, pH 7.6; 137 mM NaCl; 0.1%
Tween 20) overnight at room tempera-
ture and incubated with mouse anti-horse
MT-I/-II mAb (1:500, clone E9, DAKO
Cytomation, Carpinteria, Calif) in TTBS
containing 1% nonfat dry milk for 2 hours
at room temperature. Membranes were
washed 3x10 minutes with TTBS prior
to incubation with horseradish peroxidase-
conjugated goat anti-mouse IgG (Bio-Rad,
1:1000) in TTBS with 1% nonfat dry milk
for one hour at room temperature. Mem-
branes were washed again with TTBS, de-
veloped using ECL western blot detection
system (Amersham Biosciences, Arlington
Heights, IlI) and scanned for chemilumi-
nescence using a Storm 840 Imager (Am-
ersham Biosciences/Molecular Dynamics).
Bands at 14 kDa were interpreted as repre-
senting MT-I; bands at 11 kDa were inter-
preted as representing MT-IL

Immunofluorescence/immunobhistochem-
istry. Under CO, anesthesia, NBD (n=4)
and control (n=4) rats were perfused via
left ventricular puncture with PBS (1 ml/
g body weight), followed by buffered 4%
paraformaldehyde (1 ml/g body weight).

Brains were post-fixed in 4% paraformalde-
hyde overnight at 4°C, and cryoprotected
with graded sucrose solutions. Cryostat
sections (14 pm) were collected onto glass
slides (Super Frost Plus, Fisher Scientific,
Pittsburgh, Pa). For immunofluorescence
microscopy, sections were rinsed for 5 min-
utes in PBS, followed by treatment with
0.1% TritonX-100 in PBS for one hour
at room temperature. Sections were again
washed with PBS for 5 minutes and then
blocked with 10% goat serum in PBS for
one hour at 37°C. Sections were incubated
with primary antibodies (mouse anti-horse
MT-I/-II mAb [1:50, DAKO Cytomation],
rabbit anti-rac MT-IIT Ab [1:250, kind gift
of Juan Hidalgo (7)], rabbit anti-GFAP
Ab [1:100, DAKO], mouse anti-GFAP
mAb cocktail [1:30, BD Pharmingen, San
Diego, Calif], rabbit anti-Ibal Ab [2 pg/
ml, Wako Pure Chemical Industries, Ltd.,
Richmond, Va], rabbit anti-synaptophy-
sin Ab [1:50, Santa Cruz Biotechnology,
Santa Cruz, Calif], anti-rat CD44H Ab
[1:50, BD Pharmingen], anti-rat tenas-
cin R mAb [1:10, R&D Systems, Minne-
apolis, Minn]) in blocking solution at 4°C
overnight. After 3 washes in PBS, sections
were incubated with Cy3-conjugated anti-
mouse IgG or Cy3-conjugated anti-rab-
bit IgG (1:200, Jackson Immunoresearch
Laboratories, Inc., West Grove, Pa) and/or
Cy2-conjugated anti-rabbit IgG (1:200,
Jackson Immunoresearch) or Cy2-conju-
gated anti-mouse IgG in PBS for one hour
at room temperature. Sections were washed
3x in PBS, dehydrated through graded
ethanol solutions, placed in Americlear and
mounted with Permount (Fisher Scientific)
for microscopic analysis. ZnT-3 and MT-
III immunohistochemistry were carried out
according to Wenzel et al (63) with minor
modifications. Sections were rinsed sequen-
tially in PB, pH 7.4 (0.1 M sodium phos-
phate monobasic dihydrate, 0.1 M sodium
phosphate dibasic heptahydrate) and 0.1
M Tris-HCI, pH 7.4 (TB) for 5 minutes
each, incubated at room temperature in TB
containing 1% H,O, for 2 hours, and then
blocked in 3% BSA/3% goat serum/0.25%
DMSO in TBS (0.05 M TB, pH 7.4, 0.15
M NaCl) for one hour at room tempera-
ture. After rinsing for 30 minutes in TBS,
sections were incubated for 20 hours at 4°C
in aflinity purified rabbit anti-mouse ZnT-
3 antiserum [1:100, kind gift of Richard
Palmiter (43)] or rabbit anti-rat MT-III an-
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Figure 1. MT-I/-Il and MT-Ill mRNA and MT-I/Il protein expression in 4 week NBD and control rat brains. A-C.
Real time PCR for MT-I/-1I; (D) western immunoblot; (E) real time PCR for MT-IIl. A. MT-I/-Il mRNA levels in
cerebellum; NBD (n=7), control (n=5); 40.5-fold increase in NBD: ANOVA, p<0.0001. B. MT-I/-Il transcript
levels from hippocampal RNA; NBD (n=7), control (n=5); 6.8-fold increase in NBD: ANOVA, p=0.003.
C. MT-I/-Il transcript levels from striatum mRNA; NBD (n=7), controls (n=5); 9.5-fold increase in NBD:
ANOVA, p=0.0012. D. MT-l and MT-Il proteins in cerebellum, hippocampus, and striatum. Lanes represent
pooled homogenates from 4 NBD and 4 control (C) rats. Results were similar with homogenates from
individual animals. NBD rats have higher signal for MT-l and MT-Il. Signal for MT-Il is higher than MT-I in
NBD hippocampus. E. MT-IIl mRNA levels in hippocampus; NBD (n=7), control (n=5); 1.25-fold decrease
in NBD: ANOVA, p=0.0841. Double asterisk indicates p<0.01; triple asterisk indicates p<0.0001 relative

to control rats (ANOVA).

tiserum [1:250] in TBS with 2% BSA/1%
goat serum/0.25% DMSO. After rinsing in
TBS for 2 hours, sections were incubated
with biotinylated goat anti-rabbit IgG
(1:200, Vector Laboratories, Burlingame,
Calif) for 24 hours at 4°C. Sections were
then rinsed with TBS for 2 hours, incubat-
ed with ABC reagent (Elite ABC kit, Vec-
tor Laboratories) diluted in TBS containing
2% BSA/1% goat serum/0.25% DMSO for
24 hours at 4°C, rinsed in TB, pH 7.6, and
incubated with 3,3’-diaminobenzidine so-
lution (DAB peroxidase substrate kit, Vec-
tor Laboratories) for 15 minutes at room
temperature. Slides were rinsed in distilled
water, dehydrated through graded ethanol
solutions, placed in Americlear and cover-
slipped with Permount (Fisher Scientific).

Modified Timm stain. Under CO, anes-
thesia, NBD (n=4) and control (n=4) rats
were perfused via left ventricular puncture
with PBS, followed by 0.1% sodium sul-
fide solution (13 mM Na,S’ /H,0, 86 mM
NaH PO, 'H,O in 1 L distilled water), and
then with buffered 4% paraformaldehyde
(1 ml/g body weight for each perfusate).
Brains were post-fixed in 4% paraformalde-
hyde overnight at 4°C, and cryoprotected
with graded sucrose solutions. Cryostat
sections (14 pm) were collected onto glass
slides (Super Frost Plus) and immediately
processed for Timm staining according to

Sloviter (52). Timm developer was pre-
pared freshly before each use. Slides were
covered in developer in a dark room for
30, 45, 60, 75, and 90 minutes to com-
pare development times. The reaction was
stopped in the dark by immersing slides in
water. Slides were counterstained with cre-
syl violet for 5 minutes, rinsed 2 x5 min-
utes in water, dehydrated through graded
ethanol solutions, placed in Americlear and
coverslipped with Permount. Mossy fiber
sprouting was scored by a blinded observer,
using a light microscope, by the criteria of
Cavazos (9). Timm staining with combined
immunofluorescence histochemistry was
carried out according to Moos (40), using
a polyclonal rabbit anti-PARP (H-250) Ab
(1:50, Santa Cruz Biotechnology).

Quantitative morphometry. Numbers of
zinc-positive and zinc-negative granule cell
neurons, and numbers of granule cells with
degenerative nuclear morphology were de-
termined in hippocampal sections from 4-
week NBD (n=4) and control rats (n=4).
Degenerating neurons with intact but
pyknotic nuclei or with nuclear/chroma-
tin fragmentation were identified in Timm
stained sections (development time=45
minutes, longer development times result-
ed in intense granule cell staining, obscur-
ing nuclear morphology) subjected to cre-
syl violet counterstaining. Approximately
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700 granule cells per dentate gyrus, from
the dorsal and ventral blades as well as the
dorsal/ventral junction were analyzed per
section at 100x magnification for zinc sta-
tus and neurodegenerative morphology.

Statistical analysis. Data are presented as
mean + SEM. The significance of observed
differences among NBD and control groups
were assessed by: paired t-test for microar-
ray experiments; ANOVA for real-time
PCR analysis and quantitative morpho-
metric analysis of zinc filled granule cells;
and repeated measures ANOVA, Student t-
test (non-paired data), and nonparametric
statistics (Mann Whitney U test) for Timm
scoring. Analysis was carried out using Stat-
View software (v.5.0.1, SAS Institute Inc.,
Cary, NC). P-values were considered to be
significant when <0.05.

RESULTS

Induction of MTI/-II mRNA and pro-
tein expression in NBD rat brain. Borna
infected
adult Lewis rats is mediated by infiltrating
T-cells (42). In contrast, brain damage in
neonatal infection occurs without overt im-

disease in immunocompetent

mune cell infiltration (25). To investigate
potential mechanisms of damage in neona-
tal infection we assessed brain mRNA ex-
pression profiles in NBD and control rats
using oligonucleotide microarrays repre-
senting 8064 different gene targets. An age
of 4 weeks was chosen for assessments as it
correlates temporally with early histopatho-
logic changes in dentate gyrus and cerebel-
lum (25).

Microarray analysis of cerebellar gene
expression revealed a 9.09-fold increase
(p=0.0038, paired t-test) for MT-I/-II
mRNA in NBD rats, the largest fold change
of any gene on the array. Hippocampal ar-
ray analysis revealed a significant 2.95-fold
increase in MT-1/-II (p=0.02, paired t-test,
data not shown).

A real time PCR assay was established to
quantitate regional expression of MT-I/-11
and MT-III mRNA in RNA extracted from
individual NBD and control rat brains. Por-
phobilinogen deaminase mRNA served as
normalization control for transcript quan-
tity and integrity. NBD rats had marked
increases in MT-I/-II mRNA in cerebellum
(40.5-fold, p<0.0001), hippocampus (6.8-
fold, p=0.003), and striatum (9.5-fold,



p=0.0012) (Figure 1A, B, C). Western
immunoblot analysis was employed to as-
sess levels of MT-1 and MT-II expression
in extracts of NBD and control rat brain
(Figure 1D). MT-I (14-kDa bands) and
MT-II (11-kDa bands) were increased in
NBD cerebellum and striatum; in NBD
hippocampus, MT-II was predominantly
increased. While not significant, real-time
PCR for MT-III revealed a trend toward
decreased MT-III in hippocampus (1.25-
fold, p=0.0841) (Figure 1A).

Regional expression of MT-I/-II was as-
sessed in brain sections of 4-week-old NBD
and control rats by immunofluorescence
microscopy. MT-I/-II expression was in-
creased in NBD rats with striking immu-
noreactivity in cerebellum in proximity to
Purkinje cells (Figure 2B, C), in molecular
layer of dentate gyrus (Figure 2E, F) and
in corpus callosum (Figure 2H, I). MT-I/-
IT induction was also present in cells with
glial morphology in the stratum-lacuno-
sum moleculare, stratum radiatum, and
stratum oriens of hippocampus; caudate-
putamen; and cortex of NBD rats (data not
shown). Only faint immunoreactivity was
present in control rat hippocampus (Figure
2D) and corpus callosum (Figure 2H); no
immunoreactivity was observed in control
cerebellum (Figure 2A).

Expression of MT-1/-II in NBD rat brain
astrocytes. Prominent astrogliosis and mi-
crogliosis are reported in NBD rat brain
(62). Double label immunofluorescence
experiments were pursued using antibodies
to MT-I/-II and markers specific for astro-
cytes (GFAP) or microglia (Ibal) to assess
the cellular distribution of MT-1/-1I. MT-
I/-IT colocalized with GFAP in cerebellum
(Figure 3A, B, C) and hippocampus (Figure
3D, E, F), but did not colocalize with Ibal
(Figure 3G, H, I; insets show dissociation
between MT-1/-II and microglia staining at
higher magnification). Ibal expression was,
however, consistent with microgliosis previ-
ously described in NBD. MT-I/-II immu-
nopositive glial cells in caudate-putamen,
laminar regions of the hippocampus, and
cortex also colocalized with GFAP, con-
firming astrocyte-specific induction of MT-
I/-IT in all brain regions examined (data
not shown). Cerebellum was remarkable
for double labeling of cells consistent in
location and morphology with Bergmann

glial fibers (Figure 3C; boxed area) and cell

Figure 2. Localization of increased MT-I/-Il expression in NBD rat brain. MT-I/-Il in cerebellum (A, B, C),
dentate gyrus (D, E, F), and corpus callosum at the level of striatum (G, H, 1) in control rats (A, D, G)
and NBD rats (B, C, E, F, H, I). Purkinje cells are indicated by white arrow heads (C). Molecular layer, ml;
granular layer, gl; granule cell layer, gcl; hilus, Hi; corpus callosum, cc. Immunofluorescence using a mouse
monoclonal antibody to horse MT-I/-Il and anti mouse IgG Cy3. Scale bars=100 pm.

Figure 3. Colocalization of MT-I/-Il with astrocytes but not microglia in NBD rat brain. Double
immunofluorescence for MT-I/-Il (A, red) and GFAP (B, green) in the cerebellum. Merged image (C) shows
colocalization (yellow) within cells lining the Purkinje cell layer (arrow) as well as Bergmann fibers (boxed
region) in the molecular layer. MT-I/-Il (D) and GFAP (E) double staining (merged in F) in the molecular
layer of the dentate gyrus. MT-I/-Il (G) and Iba1 (H, microglia) double staining in the dentate gyrus.
Note that MT-I/-Il and Iba1 colocalization does not appear in the merged image (I, insets show high
magnification of glia in dentate molecular layer). Molecular layer, ml; granular layer, gl; granule cell layer,
gcl. Scale bars=100 pM.

tisera to GFAP. We were unable to discern
whether these represent additional special-

bodies (Figure 3C; arrow). Some cell bodies
expressing MT-1/-II did not label with an-
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Figure 4. Localization and subcellular distribution of MT-IIl in hippocampal astrocytes and neurons
in NBD. A. Immunofluorescent signal for MT-lIl in control rat hippocampus (note strong signal in
CA1 pyramidal neurons [saturated signal in yellow] and dentate gyrus granule cell neurons). B. MT-IlI
fluorescence in NBD rat hippocampus (note decreased signal in granule cell layer; arrows indicate loss
of signal at the boundary of lacunosum moleculare and stratum radiatum). MT-lIl (C) and GFAP (D)
double immunofluorescence (merged in E) corresponding to astrocytic signal in the molecular layer of
the dentate gyrus (boxed region in B). Immunohistochemical staining of MT-IIl in the molecular layer of
the dentate gyrus in control (F) and NBD rat (G, arrows indicate a few MT-Ill immunopositive glial cells).
Note that glial staining for MT-lll is dramatically increased in NBD rat and localizes to glial cell bodies,
glial processes, and nucleus/nuclear bodies (inset in G); immunostaining is restricted to perinuclear
cytoplasm and glial processes in control rats (inset in F). Immunohistochemical staining of dentate gyrus
granule cell neurons in control (H) and NBD rat (I). Immunohistochemical staining of CA1 pyramidal
neurons in control (J) and NBD rat (K). MT-lll staining at the CA3-CA1 boundary of control (L) and NBD
rat (M). Abbreviations: rad, stratum radiatum; lac, stratum lacunosum-moleculare; ml, molecular layer
of the fasciae dentate; Hi, hilus fasciae dentate; gcl, granule cell layer; CA1, stratum pyramidale of CA1
subregion; MF, mossy fibers. Scale bars = 100 um.

ized cells in the cerebellum, such as basket  cells, or restricted GFAP expression in some

cells or stellate cells adjacent to Purkinje astrocytes.
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Alterations in MT-III protein expression
and subcellular distribution in hippocam-
pal astrocytes and neurons in NBD rats.
High levels of MT-IIT have been localized
to neurons that contain vesicular zinc in the
hippocampus (38), where it has been sug-
gested that MT-III may serve as a source
of intracellular zinc that mediates neuronal
death (34). Real-time PCR analysis (see
above) suggested that MT-III mRNA may
be decreased in the hippocampus of NBD
rats. Thus, we assessed the cellular distribu-
tion of MT-III protein in NBD and control
rats by immunofluorescence and immuno-
histochemistry.

MT-III fluorescence in control rats was
consistent with previous reports localiz-
ing MT-III to neurons. The intensity of
neuronal immunoreactivity for MT-III in
control rat hippocampus was high in CAl
pyramidal (saturated signal in Figure 4A)
and granule cell neurons, and lower in CA3
pyramidal neurons. Laminar fluorescence
was intense in the CAl subregion of the
stratum radiatum, with only weak stain-
ing in neuropil of the stratum lacunosum
moleculare, CA3 subregion of stratum ra-
diatum, the molecular layer of the dentate
gyrus, and hilus (Figure 4A)

In NBD MT-II was reduced in the
granule cell layer, CAl pyramidal neurons,
and in the stratum radiatum but increased
in stratum lacunosum moleculare. A clear
zone of MT-III loss was observed at the
laminar interface between stratum radia-
tum and stratum lacunosum moleculare in
NBD rats (Figure 4B; arrows), which may
represent loss of MT-III in axons of the per-
forant path.

Strong MT-III fluorescence was observed
in numerous astrocytes in NBD hippocam-
pus (Figure 4C, D, E correspond to the
boxed region in Figure 4B), whereas, only
small numbers of weakly positive astrocytes
were observed in control rats. MT-III ap-
peared to primarily stain astrocyte cell bod-
ies (Figure 4C; arrows), with less intense
staining in glial processes. GFAP localized
to cell bodies (Figure 4D; large arrow)
and processes (Figure 4D; small arrows) of
MT-III positive astrocytes (merged in Fig-
ure 4E). Immunohistochemical analysis of
MT-II confirmed increased astrocytic MT-
II staining in the molecular layer of the
dentate gyrus (Figure 4G; arrows), stratum
radiatum, stratum lacunosum moleculare,
hilus, and cortex (not shown). In control



rats, faint immunostaining was observed in
the perinuclear cytoplasm and processes of
astrocytes; whereas staining was complete-
ly excluded from the nucleus (Figure 4F;
inset). In contrast, in NBD rats, MT-III
staining was prominent in astrocytic nuclei,
nuclear bodies, and glial processes (Figure
4G; inset).

Immunohistochemical staining patterns
in dentate gyrus granule cell neurons of
control rats revealed that the majority of
MT-III localized to the perinuclear cyto-
plasm (Figure 4H; inset black arrow); how-
ever, nuclear MT-III was observed in a few
granule cell neurons in control rats (Figure
4H; inset blue arrow). In NBD rats, MT-III
staining of granule cell neuronal nuclei and
nuclear bodies was prominent throughout
the dentate gyrus (Figure 41; inset).

In control rat CAl pyramidal neurons,
where MT-II signal is strongest, staining
was strictly cytoplasmic and evident in
axons of pyramidal neurons extending into
stratum radiatum (Figure 4]; arrow). Simi-
lar to NBD granule cell neurons, CA1 py-
ramidal neurons in NBD exhibited strong
MT-III immunostaining, largely localized
to nuclei and nuclear bodies (Figure 4K).

The only neurons in the hippocampus of
control rats showing prominent localization
in nuclear bodies were found at the bound-
ary of CA3-CA1/CA2 pyramidal neurons
where mossy fibers terminate. Here MT-I11
was primarily restricted from the nucleus,
but was apparent in perinuclear cytoplasm
as well as nuclear bodies (Figure 4L; inset).
In NBD rat pyramidal neurons at the CA3-
CAl boundary, MT-III immunostaining
was present in both nucleus and nuclear
bodies (Figure 4M; inset). In contrast to
other neurons in the hippocampus, the re-
mainder of CA3 pyramidal neurons extend-
ing from the hilus to the CA3-CA1 bound-
ary showed nuclear MT-III staining in both
control and NBD rats (not shown).

The MT-III antibody stained mossy fi-
bers, only faintly, in both control and NBD
rats and was most prominent at the CA3-
CA1 boundary (outlined region in Figure
4L, M). Though there appeared to be a
general thinning of the mossy fiber layer in
NBD rats compared to controls, staining
intensity appeared similar.

Outside the hippocampus, MT-III was
seen in cortical and thalamic neurons,
where staining was similar between control

and NBD rats. In these neurons, MT-III
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Figure 5. Aberrant Timm staining in hippoc.ampus of NBD rats. Timm stainiﬁg (dark brown reaction

product) in control (A, C, E) and NBD rats (B, D, F, G, H). Note decreased zinc in the hilus (D) and sector
CA3 (F) of NBD rats. Arrows in (F) indicate decreased staining in mossy fiber projections to CA3. Zinc
staining in glial cells in NBD rats (G, H). Glial staining was absent from control rats (data not shown). Zinc
accumulation in glial cells from the dentate gyrus molecular layer (G, right inset), and stratum oriens in
CA1 sector (G, left inset). Zinc stained glial cells in cortex of NBD rat (H). Abbreviations: or, stratum oriens;
rad, stratum radiatum; lac, stratum lacunosum-moleculare; ml, molecular layer of the fasciae dentate;
Hi, hilus fasciae dentate; gcl, granule cell layer; iml, inner molecular layer; oml, outer molecular layer; Cx,

cortex. Scale bars =100 pm.

was observed in perinuclear cytoplasm,
nucleus, nuclear bodies, and axons (data
not shown).

Reduced zinc in granule cell mossy fibers
and accumulation of zinc in glial cells in
NBD rat hippocampus. A modified Timm
stain (dark brown reaction product) was
used to examine the level and distribution
of zinc in NBD and control rat brains. In

control rats, zinc signal was intense and
confined to mossy fiber projections in the
hilus (Figure 5A, C) and CA3 (Figure 5A,
E). In NBD, histochemically detectable
zinc was dramatically reduced in mossy
fiber processes in the hilus (Figure 5B, D)
and CA3 (Figure 5B, F; arrows). Glial cells
in NBD, but not in control rats, stained
strongly for zinc, though glial staining was
only evident when counterstaining was
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omitted. Morphologically, glial cells resem-
bled reactive astrocytes and paralleled the
distribution of metallothionein-positive as-
trocytes. Zinc-positive glia localized to the
molecular layer of the dentate gyrus (Figure
5G; right inset); stratum lacunosum molec-
ulare, stratum radiatum, and stratum oriens
(Figure 5G; left inset); dorsal hippocampal
commissure; corpus callosum; and cortex

(Figure 5H).
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Accumulation of zinc in degenerating
granule cell somata in NBD rat hippocam-
pus. Granule cell staining was completely ab-
sent in control animals (Figure 6A). In NBD
rats, Timm stained granule cell bodies were
strongly zinc-positive (Figure 6B). Hema-
toxylin and eosin staining revealed neurons
in NBD rats with intact, but pyknotic nu-
clei (Figure 6C; arrows) or nuclear/chroma-
tin fragmentation (Figure 6C; boxed cell).
These degenerative morphological changes
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Figure 6.Zincaccumulationin degenerating granule
cell neurons in NBD rats. A. Timm staining is absent
in control granule cell neurons. B. Numerous Timm
positive granule cell somata in NBD rats. C. H&E
staining of degenerative dentate gyrus granule
cells in NBD, showing different morphology of
nuclei in these cells (arrow head indicates neuron
with normal morphology, arrows indicate neurons
with intact, pyknotic nuclei, boxed cell shows clear
signs of nuclear/chromatin fragmentation). D.
Bar plot representing quantitative morphometric
analysis of zinc-positive and zinc-negative
degenerating granule cell neurons in NBD rats.
Data are presented as mean score £SEM (n=4
NBD rat hippocampi) (86% of all neurons with
degenerative morphology were Timm positive:
ANOVA, p<0.0001). E. Granule cell neuron with
distinct nuclear pyknosis and cytoplasmic zinc
accumulation (brown product). F. Granule cell
neuron with conspicuous nuclear/chromatin
fragmentation,and cytoplasmiczincaccumulation.
G. Morphologically normal neuron from Timm
stained NBD rat section, counterstained with cresyl
violet. H, I, J. Colocalization of Timm stain and PARP
in dentate gyrus granule cellsin NBD. H. Timm stain;
(1) PARP immunofluorescence; (J) superimposition
of panels (H) and (I). K. Timm stained cerebellar
section from NBD rat. Note the lack of zinc in
Purkinje cell neurons, and presence of granular
zinc staining lining the Purkinje cell layer. No
differences in zinc staining intensity or localization
were observed in cerebellum between control and
NBD rats. Triple asterisk indicates p<0.0001 relative
to control (ANOVA). Abbreviations: ml, molecular
layer of the cerebellum; pcl, Purkinje cell layer; g,
granule cell layer of cerebellum. Scale bar = 10 um
for (C); Scale bars = 100 um for (A, K).

were observed in approximately 10% of all
granule cell neurons in 4-week NBD rats;
none of the neurons in control animals ex-
hibited signs of neurodegeneration. With
relatively short Timm development time
(45 minutes), and counterstaining with
cresyl violet, morphological examination
revealed that all zinc-positive granule cell
neurons showed prominent signs of neu-
rodegeneration. Zinc was present in most
granule cells with pyknotic nuclei (Figure
6E) and morphological signs of nuclear/
chromatin fragmentation (Figure 6F). In
contrast, morphologically normal neurons
without evidence of pyknosis or nuclear
fragmentation were never zinc-positive,
even in NBD rats (Figure 6G). The subset
of zinc-positive neurons with morphologi-
cal signs of neurodegeneration (either pyk-
nosis or nuclear/chromatin fragmentation)
in NBD represented 86% (61.75 +3.07) of
all neurons with neurodegenerative mor-
phology, compared to 14% (9.75 +1.80) of
degenerating neurons that were zinc-nega-
tive (Figure 6D; zinc-positive degenerating
neurons versus zinc-negative degenerating

neurons: ANOVA, p<0.0001). The find-



Figure 7. ZnT-3 mRNA and protein are decreased in
NBD hippocampal mossy fibers. A. ZnT-3 mRNA in
cerebellum of NBD (n=7) and control (n=5) rats
(1.3-fold decrease in NBD rat mRNA relative to
control rats: ANOVA, p=0.1249). B. ZnT-3 mRNA
in NBD rat hippocampus; NBD (n=7) and control
(n=5); (2.27-fold decrease in NBD rats: ANOVA,
p=0.0065). ZnT-3 immunoreactivity in transverse
sections of control (n=4) (C, E, G, ) and NBD
(n=4) (D, F, H, J) rat hippocampus reacted with
affinity-purified antiserum against ZnT-3. C, D.
ZnT-3 protein is decreased throughout the mossy
fiber projections from granule cells to CA3 in NBD
rats. E, F. Strong immunoreactivity is evident
in the hilus of control animals, while staining is
virtually undetectable in NBD rats. G, H. ZnT-3
staining of mossy fibers projecting to CA3 are
dramatically reduced in NBD rats. Note ZnT-3
staining in pyramidal neurons of CA3 (arrow heads
in H inset). 1, J. At higher magnification, glial cells
in the molecular layer of the dentate gyrus of NBD
rats are ZnT-3 immunopositive. Double asterisk
indicates p<0.01 relative to control rats (ANOVA).
Abbreviations: or, stratum oriens; rad, stratum
radiatum; lac, stratum lacunosum-moleculare; ml,
molecular layer of the fasciae dentate; Hi, hilus
fasciae dentate; gcl, granule cell layer; iml, inner
molecular layer; pyr, stratum pyramidale. Scale
bars = 100 pm.

ing that a small number of degenerating
neurons were zinc-negative may suggest
that a subset of degenerating neurons are
not associated with alterations in zinc or
that zinc accumulation is dependent on the
stage of neurodegeneration. Alternatively,
we cannot exclude the possibility that these
neurons would become zinc-positive with
longer Timm development time. How-
ever, an evaluation of the mean number of
zinc-positive neurons in serial sections with
90-minute Timm development (72 +6.35)
showed values nearly identical to the total
number of neurons with degenerative mor-
phology (71.5+4.56) (45-minute Timm
development: zinc-positive + zinc-negative
from Figure 6D).

Overactivation of the DNA repair en-
zyme poly(ADP-ribose) polymerase (PARP)
has been implicated in zinc-induced cell
death (51). Increased PARP mRNA has
been localized to dentate gyrus in models
of ischemic and excitotoxic insult (37). We
have evaluated PARP protein expression
in NBD and control rats using combined
Timm staining and immunofluorescence
histochemistry. In control rats, low levels
of PARP immunoreactivity were uniform
throughout the granule cell layer (data not
shown). In contrast, in NBD rats, Timm
stained granule cells (Figure 6H) colocal-
ized with cells exhibiting strong PARP sig-
nal (Figure 61; merged in Figure 6]). PARP
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immunofluorescence in non-Timm stained

tissues revealed similar increases in PARP
immunoreactivity in the dentate gyrus
(data not shown).

As Purkinje neurons are also lost in NBD
rats, we utilized the Timm technique in cer-
ebellar sections. Purkinje cell neurons did
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not appear to accumulate zinc in NBD rats.
Zinc staining was remarkably similar be-
tween NBD and control rats in all sections
analyzed. Interestingly, although Timm
granules were not observed in the somata
of Purkinje neurons, we observed staining
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Figure 8. Mossy Fiber Sprouting in NBD rat hippocampus. A. Bar plot representing Timm scores in NBD and
control rats at different development times as described in Methods. Data are presented as mean score
+SEM [Repeated measures ANOVA: p=0.0033; Mann Whitney Comparison: p<0.0001; Unpaired t-test
30min: p=0.0021; Unpaired t-test 45min: p=0.0044; Unpaired t-test 60 minutes: p=0.0225; Unpaired t-
test 90 minutes: p=0.0011]. B.Timm staining in the inner and outer molecular layer of the dentate gyrusin
NBD rats. C. Synaptophysin immunoreactivity in dentate molecular layer of control rat. D. Synaptophysin
immunoreactivity in dentate molecular layer of NBD rat. E. Tenascin-R (TN-R) immunoreactivity in
control rat dentate gyrus shows moderate fluorescence in neuropil of the hilus and weak fluorescence
in the inner molecular layer. (Inset in E) TN-R immunoreactivity in CA3 pyramidal cell layer of control
rats with well-defined fluorescence in perineuronal nets and weak fluorescence in neuropil. F. TN-R
immunofluorescence in NBD rat dentate gyrus. Note the homogeneous increase in TN-R fluorescence in
the neuropil. (inset in F) Strong TN-R immunoreactivity in neuropil surrounding CA3 pyramidal neurons
in NBD rats. G. CD44 immunoreactivity in the dentate gyrus of control rat. H. Dentate gyrus of NBD rat,
showing increased CD44 fluorescence in the neuropil of the molecular layer and hilus. Asterisk indicates
p<0.05; double asterisk indicates p<0.01 relative to control rats (Unpaired student t-test). Abbreviations:
Molecular layer, ml; granule cell layer, gcl; hilus, Hi; inner molecular layer, iml; outer molecular layer; oml;
stratum lacunosum-moleculare, lac. Scale bar=100 um.
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in close apposition to the Purkinje cell layer

in both NBD (Figure 6K) and control rats.

Zinc transporter mRNA and protein
expression in NBD rat brain. Zinc trans-
porters contribute to zinc homeostasis and
bioavailability via mechanisms of storage
and release. Additionally, zinc and other
heavy metals induce MT expression, and
MT participates in regulation of zinc ho-
meostasis and bioavailability. To assess the
role aberrant zinc transporter expression
may play in zinc and MT dysregulation,
we established real time PCR assays for
quantitation of mRNA encoding ZnT-1
and ZnT-3. No differences were observed
between NBD and control rats with respect
to ZnT-1 mRNA levels in either hippo-
campus or cerebellum (data not shown). In
contrast, ZnT-3 mRNA was significantly
decreased in the hippocampus of NBD rats
(2.27-fold, p=0.0065) (Figure 7B). ZnT-3
mRNA levels did not differ in cerebellum
of NBD and control rats (Figure 7A).

The distribution of ZnT-3 in hippocam-
pus was assessed immunohistochemically
in NBD and control rats. ZnT-3 immuno-
reactivity in control rats was concentrated
at points where granule cell mossy fiber
boutons make contact with hilar neurons
(Figure 7E) and pyramidal cells of CA3
(Figure 7G; inset), consistent with previ-
ous reports (43). In NBD rats, in contrast,
ZnT-3 was markedly reduced or undetect-
able in mossy fiber projections (Figure 7D,
E H). Occasional immunopositivity was
observed in somata of pyramidal neurons
in CA3 of NBD rats, but not in controls
(Figure 7H; inset, arrowheads). ZnT-3 im-
munopositive cells with glial morphology
were not observed in control rats (Figure
71) but were present throughout the mo-
lecular layer of the dentate gyrus and the
stratum lacunosum moleculare and stratum

radiatum in NBD rats (Figure 7J).

Mossy fiber sprouting in NBD rats. The
potential effects of neural injury on mossy
fiber sprouting (MFS) were examined by
using Timm stain. Timm MES scores re-
vealed marked increases in zinc reactivity in
the inner molecular layer of the dentate gy-
rus of all 4 NBD rats compared to controls,
irrespective of development time (Figure
8A). Timm staining is not strictly quanti-
tative, as it is dependent on perfusion ef-
ficiency; nonetheless, even with develop-



ment times as long as 90 minutes, MFS was
never observed in control animals. Robust
MEFS into the inner molecular layer was
observed in NBD; Timm reaction was also
pronounced in the outer molecular layer
of NBD rats (Figures 5D, 8B). In other
brain regions (ie, cerebellum, striatum, cor-
tex), Timm reaction intensity was similar in
NBD and control rats. As an independent
assay for mossy fiber sprouting we pursued
synaptophysin immunostaining in the
brains of 4-week-old NBD rats. Reactivity
of synaptophysin is considered a reliable
index for synaptic density, and increased
synaptophysin has previously been demon-
strated in NBD rats in the inner molecular
layer of the dentate gyrus (22). Synapto-
physin immunofluorescence paralleled the
spatial distribution of zinc in mossy fibers
observed with Timm staining. Compared
to control rats (Figure 8C), synaptophysin
is dramatically increased in NBD rats in the
inner molecular layer (Figure 8D), but de-
creased in the hilus and mossy fiber projec-
tions to CA3 (data not shown).

Distribution of extracellular matrix gly-
coproteins implicated in mossy fiber sprout-
ing. Hippocampal expression of the ex-
tracellular matrix glycoprotein molecules,
tenascin-R (TN-R), and the hyaluronan
receptor, CD44, is implicated in the de-
velopment of MES in other animal model
paradigms (4, 5). Thus, we examined the
distribution of these proteins in NBD. In
control rats, TN-R immunoreactivity was
restricted to the hilar neuropil (Figure 8E)
and perineuronal nets surrounding pyra-
midal neurons (Figure 8E; inset) of the CA
regions. In NBD rats, TN-R and CD44
expression were increased throughout the
hippocampal neuropil (Figure 8F and H,
respectively). TN-R fluorescence in CA3
neuropil of NBD rats was so intense that
the presence or absence of expected pat-
terns of immunoreactivity in the perineu-
ronal nets surrounding pyramidal neurons
could not be evaluated (Figure 8F; inset).
CD44 expression in control rats was seen
primarily in neuropil of stratum lacuno-
sum-moleculare, with faint immunoreac-
tivity in the outer molecular layer and hilus

(Figure 8G).

DISCUSSION
Here, we report altered expression of
genes regulating zinc homeostasis in a mod-

el of virus-induced neurodevelopmental
damage. To our knowledge, these findings
represent the first demonstration in brain
of significant MT-I/-II and MT-III induc-
tion with disrupted zinc regulatory systems
in response to perinatal viral infection. We
provide evidence of altered zinc distribu-
tion in hippocampus, suggesting that selec-
tive zinc-mediated toxicity may contribute
to apoptotic losses of dentate gyrus granule
cells and to specific neuroplastic changes in
zinc-enriched mossy fibers in hippocampus.
The experiments of this study demonstrate
significant alterations in zinc regulation
in NBD rats, including: i) induction of
metallothioneins I, II, and III in astrocytes,
ii) loss and altered subcellular distribution
of MT-II in hippocampal neurons, #i) re-
distribution of zinc from mossy fiber bou-
tons to somata of degenerating neurons, iv)
loss of vesicular zinc sequestering capacity
through disrupted ZnT-3 expression, and
v) aberrant reorganization of zinc-enriched,
excitatory synaptic circuits.
Metallothioneins (MT) are low-mo-
lecular weight, cysteine-rich, intracellular
metal-binding proteins found in a wide va-
riety of organisms including bacteria, fungi,
plants and animals. The MT-I and MT-II
isoforms are ubiquitously expressed and
coordinately regulated. Expression of MT-
I/-11 is induced by heavy metals (eg, zinc,
copper, mercury, cadmium, and nickel),
glucocorticoids, proinflammatory  cyto-
kines, and oxidative stress-inducing agents
(16). Studies in knockout mice have as-
cribed functional properties to metallothio-
nein, including protection against toxicity
from heavy metals and other xenobiotics
such as carbon tetrachloride (31, 32). In
NBD rats, MT-I/-1I is readily detected in
reactive astrocytes in cerebellum and hip-
pocampus. Induction of MT-I/-II expres-
sion has been described in peripheral tis-
sues in other rodent viral infection models,
notably influenza A virus infection (liver
and lung), and coxsackie B infection (liver,
kidney, spleen) (21, 27). In addition to zinc
regulatory effects on MT-I/-II mRNA and
protein, infection nonspecifically increases
proinflammatory cytokines and glucocorti-
coids, factors that can also strongly induce
MT-I/-II expression. In this context it is
intriguing that mRNA for cytokines impli-
cated in metallothionein synthesis during
inflammartory states, such as IL-1, IL-6 and
TNF-a, are increased in NBD rat brains

at 4 weeks, the time point examined here
(25, 48). The cellular distribution of MT-
I/-1I immunoreactivity in NBD rat brain in
astrocytes is consistent with that observed
in other models of neural injury and CNS
toxicity (24). MT-I and MT-II are reported
to be coordinately regulated (65); thus, the
regional differences we observed in MT-I
and MT-II expression in NBD rats were not
anticipated. Whereas MT-I and MT-II were
expressed in the cerebellum and striatum at
similar levels, levels of MT-II were higher
than MT-I in hippocampus. A potential
explanation for discordance may be found
in the observation that some cytokines can
cause variation in MT isoform expression
in peripheral organs; eg, IL-6 and TNF-al-
pha induce more MT-II than MT-I in the
liver (47). Thus, inductive mechanisms or
posttranscriptional regulation by cytokines
may be regionally disparate in the brains of
NBD rats.

MT-III expression is confined primarily
to the CNS. MT-III is believed to be less
sensitive to induction than either MT-I or
MT-IIL. Originally named growth inhibi-
tory factor because it decreased survival of
neonatal rat cortical neurons, MT-III is
concentrated in neurons, especially gluta-
matergic neurons in hippocampus, where
zinc is sequestered in synaptic vesicles (38,
58). In these neurons, MT-III may exert
protective effects against zinc toxicity and
oxidative damage, or mediate zinc trans-
port to synaptic vesicles. MT-III inhibits
regenerative neurite sprouting in cortical
neurons following axonal damage; its defi-
ciency is proposed to contribute to abnor-
mal sprouting patterns in Alzheimer disease
(eg, neurofibrillary tangles) and epilepsy
(14). Additionally, studies in Mz3-null mice
provide evidence that MT-IIT may serve as
an intracellular zinc source, contributing
to neuronal zinc toxicity following kain-
ate-induced seizures (34). We found only
a trend toward decreased MT-III mRNA
in the hippocampus of NBD rats at 4
weeks. Immunohistochemical analysis of
MT-III revealed decreased immunostain-
ing in the dentate gyrus granule cell layer
(likely attributable to granule cell degenera-
tion) and increased astrocytic expression in
NBD hippocampus. The differential cel-
lular expression of MT-III likely explains
our lack of significant findings for MT-III
at the mRNA level, as these would depend
on both the level of granule cell damage
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(leading to an anticipated MT-III mRNA
decrease) and astrocytic MT-1II induction
(leading to an anticipated MT-III mRNA
increase); the balance of such processes may
vary in individual NBD rats. Increased glial
MT-III expression has been demonstrated
in other brain injury models, and in vitro
results suggest that MT-III may promote
astrocyte migration (7). In zinc-enriched
hippocampal neurons, MT-1II may operate
as a concentrated, vital sink for unbound
zinc (2). Thus, loss of MT-III in granule
cell neurons could have neuropathological
consequences, resulting in accumulation of
neurotoxic levels of free zinc. In control rats
MT-III appears to be primarily cytoplasmic
in dentate gyrus granule cell neurons and
CAl pyramidal neurons. Redistribution
in NBD rats of MT-III to the nucleus of
granule cells in dentate gyrus, where large
amounts of histochemically detectable zinc
are found in mossy fibers, could result in
sequestration of MT-II's zinc buffering
capacity from the cytoplasm, allowing for
the accumulation of excessive cytoplasmic
free zinc. Neuroprotective effects in vitro
have been demonstrated for MT-III against
glutamate, nitric oxide, B-amyloid peptide
25-35, S-nitrosothiols and H,O, (8). In ad-
dition to MT-I/-II, MT-III has been con-
firmed, in vitro, to be protective against hy-
droxyl radical-induced DNA single-strand
breaks and deoxyribose degradation (67).
In protecting against oxidative damage,
MT-III may release zinc when its sulthydryl
residues become oxidized, thus contributing
to increased intracellular free zinc concen-
trations (17). Our findings of subcellular
redistribution of MT-III from perinuclear
cytoplasm in normal rat to nucleus/nuclear
bodies in NBD rat hippocampal neurons
and astrocytes may add credence to a pro-
posed role for MT-III in protecting against
genotoxic stress. Nuclear import/retention
of MT-III could also affect cell survival,
proliferation, differentiation, and gene
expression by exchanging zinc with tran-
scription factors or other nuclear metallo-
enzymes (12). It is intriguing to speculate
that the hippocampal decrease we observed
in MT-III in association with marked MFS
and accumulation of neuronal zinc may
contribute to reported patterns of neuronal
losses in NBD.

Although a role for MT in protection
from the toxic effects of heavy metals and
other xenobiotics has been described, the

potentially deleterious effects of MT in-
duction during brain development have
not been addressed. In the aged rat hippo-
campus, MT-1, -II, and -III levels increase
compared to young rats, with a concomi-
tant decrease in free zinc ion bioavailabil-
ity and hippocampal zinc content. High
levels of MT under stress conditions may
adversely affect zinc-dependent antioxidant
enzyme activity, DNA repair, and/or syn-
aptic transmission by reducing free zinc ion
bioavailability (39). The astrocytic MT-1/-11
and MT-III responses in the CNS of NBD
rats may also interfere with normal brain
development by sequestering zinc from
specific neuronal populations. Induction of
MT in NBD or other CNS viral infections
may result in harmful sequestration of toxic
heavy metals. Even low dose exposure to
trace metals such as nickel or mercury may
aggravate disease associated with coxsackie-
virus B type 3 and herpes simplex virus
type 2 infection (18, 26). Thus, the MT
response may be saturated in the matur-
ing host, reducing the capacity to respond
to the burden of additional stressors in the
wake of persistent viral infection.

Zinc is important in normal neuro-
transmission and neuromodulation but
contributes to neuronal death in seizure,
ischemia, hypoglycemia, and mechanical
trauma models of brain injury (13, 20, 33,
55, 56, 60). Although the mechanism of
zinc-induced cell death has not been clearly
established, zinc can inhibit key glycolytic
enzymes, trigger caspase activation and
apoptosis via the p75N™ pathway, and acti-
vate poly(ADP-ribose) polymerase (PARP)
which depletes cellular NAD~ (30, 44, 51).

In NBD, zinc is decreased in mossy fi-
ber boutons and accumulates in glial cells
and somata of degenerating dentate gyrus
granule cells. Indeed, zinc is only present
in those granule cell neurons with mor-
phological signs of neurodegeneration. In
NBD rats we detected a specific increase in
PARP expression in zinc-positive dentate
gyrus granule cells, suggesting that zinc-
mediated activation of PARP may play a
role in granule cell death. Although we can-
not unequivocally demonstrate zinc toxic-
ity pharmacologically because this would
require chronic chelation, confounding de-
velopmental pathways where zinc is critical,
our data are consistent with a role for zinc
in the selective neuronal losses by apoptosis
that have been demonstrated in NBD rats.
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ZnT-3 is localized to membranes of syn-
aptic vesicles in a subset of glutamatergic
neurons that correspond to pathways in
which zinc is detected by the Timm reac-
tion (43, 63). In NBD, ZnT-3 mRNA is re-
duced in hippocampus, and ZnT-3 protein
and zinc (Timm stain signal) are decreased
in granule cell mossy fibers. The observa-
tion of decreased zinc in mossy fiber path-
ways in NBD is consistent with decreased
ZnT-3 and the defined role for ZnT-3 in
controlling vesicular zinc (15). Reduced
Timm staining in mossy fibers may also
result from pathological release of excess
Zn? into the extracellular space by zinc-en-
riched boutons. In NBD, increased levels
of MT-I/-II and MT-III in hippocampal
astrocytes and of ZnT-3 in glial cells may
represent a compensatory mechanism to
enhance sequestration of free zinc in the
context of reduced neuronal ZnT-3 mRNA
and protein. However, the decrease in Zn'T-
3 immunostaining and zinc signal in mossy
fibers is likely attributable to the loss of
granule cell neurons in NBD.

Mossy fiber sprouting is one of the most
extensively investigated manifestations of
synaptic plasticity and is described in tem-
poral lobe epilepsy and epilepsy induced
by kainic acid, pilocarpine, or electrocon-
vulsive shock; lesioning of the hippocam-
pus; trauma; stroke; and infection with
feline immunodeficiency or herpes viruses
(11, 50). The synaptic reorganization and
expression of neuroplasticity markers (ie,
synaptophysin and GAP-43) observed in
some hippocampal seizure models is remi-
niscent of findings in NBD rats (4, 22, 35).
Here, we report that 2 additional molecules
implicated in synaptic plasticity and MFS,
TN-R and CD44, are increased in NBD
4, 5, 10, 64). TN-R is implicated in the
evolution and perpetuation of persistent
CNS disease associated with increased ex-
citatory transmission such as epilepsy (46).
The hyaluronan receptor, CD44, assists
axonal pathfinding during development
and is increased in the brain following isch-
emia, nerve transection, and brain trauma
(28, 36, 61). Neonatal rodent models of
experimentally-induced seizures are associ-
ated with cognitive deficits in visual-spatial
learning and memory that are paralleled
by MES (53). In NBD, progressive dam-
age to dentate gyrus coincides with deficits
in spatial learning and memory (45). Zinc
dysregulation and associated MFS in NBD



may lead to cognitive and behavioral deficits
by disrupting neural plasticity mechanisms
in hippocampal zinc-enriched neurons.

There is increasing evidence that zinc
contributes to CNS dysfunction and de-
generation in epilepsy, transient global
ischemia, brain trauma, Alzheimer disease,
amyotrophic lateral sclerosis (ALS), Par-
kinson disease, and HIV neuropathology/
AIDS dementia complex (ADC) (17). Our
findings of alterations in zinc distribution,
ZnT-3 expression, and astrocytic MT-1/-
II and MT-III induction, in combination
with previously described cytokine and
apoptosis product alterations in NBD rats,
suggests a multifactorial pathway leading
to selective damage. The accumulation of
zinc in degenerating granule cells in NBD
and the subsequent losses of dentate gy-
rus granule cells is consistent with selec-
tive neuronal death in models of epilepsy,
ischemia, hypoglycemia, and brain trauma.
NBD provides a unique viral model for
studying regulatory mechanisms for zinc
homeostasis, endogenous/exogenous heavy
metal toxicity, and metallothioneins in the
context of neural development.
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