Tabdle 2 Electrophysiologic findings

Nerve Responders Nonresponders p value* Control, n = 121-191
All patients
Median (R, n = 191; NR, n = 105)
MCV, m/s 35.2 + 13.2 39.8 = 13.8 <0.01 578 + 3.7
DL, ms 74*53 6.4 +45 NS 3404
CMAP, mV 6.4 46 53*45 <0.05 10.7 = 3.5
CB, % 45.5 27.5 <0.01
Ulnar (R, n = 171; NR, n = 93)
MCV, m/s 35.9 + 12.7 39.0 = 12,9 NS 58.6 = 4.3
DL, ms 5.5+ 5.0 5.0+ 34 NS, 2.7+0.3
CMAP, mV 6.2*42 48 + 3.6 <0.005 8425
CB, % 50.9 41.3 NS
Tibial (R, n = 168; NR, n = 81)
MCV, m/s 33.7+92 34.0 + 94 NS 46.9 * 3.5
DL, ms 75+4.0 7.0+3.0 NS 4.5+ 0.8
CMAP, mV 5.7+65 35+ 5.9 <0.0001 109 = 3.8
CB, % 40.5 35.6 NS
Patients with similar duration (<12 mo)
Median (R, n = 112; NR, n = 36)
MCV, m/s 344 125 405 + 14.5 <0.05 57.8 + 3.7
DL, ms 76+4.8 83=x170 NS 3.4+04
CMAP, mV 6.8+46 42+29 <0.01 10.7+ 3.5
CB, % 33.0 20.0 <0.05
Ulnar (R, n = 101; NR, n = 33)
MCV, m/s - 356 +11.4 37.6 = 15.3 NS 58.6 + 4.3
DL, ms 55 =36 5.5 £ 25 NS 2.7+0.3
CMAP, mV 59+42 4.0+ 38 <0.05 84+25
CB, % 50.8 444 NS
Tibial (R, n = 102; NR, n = 25)
MCV, m/s 335 9.0 33485 NS 469+ 3.5
DL, ms 7.9+ 4.0 8.0 =31 NS 45+0.8
CMAP, mV 52+5.5 1.9+28 <0.0005 10.9 = 3.8
CB, % 48.8 44.4 NS

* p value indicates a significant difference between responders and nonresponders.

R = responder; NR = nonresponder; MCV = motor nerve conduction velocity; DL = distal latency; CMAP = compound musele action

potential; CB = conduction block.

StatView software for Macintosh (version 4.5; Abacus Concepts,
Berkeley, CA).

Results. Clinical findings. Efficacy of IVIg therapy was
63.8% (table 1 and table E-1 on the Neurology Web site at
www.neurology.org). The rate of patients whose symptom-
atic exacerbation stopped 3 months after onset was higher
in responders than in nonresponders. Responders showed
significantly more severe weakness of the upper and prox-
imal lower limbs, whereas nonresponders showed more
marked muscle atrophy in the upper and lower limbs. As
the disease duration from onset to IVIg differed signifi-
cantly between responders and nonresponders in the pa-
tients as a whole, we additionally compared the subgroups

of responders and nonresponders with disease duration of
<12 months, eliminating significant differences about the
disease duration.

Efficacy of IVIg in the patients with similar duration
was 79.9%. The rate of patients whose symptomatic exac-
erbation stopped 3 months after onset was still higher in
responders. Muscle atrophy of each limb was significantly
more prominent in nonresponders, as was true for the
patients as a whole.

Electrophysiologic findings. Mean CMAP was signifi-
cantly more reduced in the median, ulnar, and tibial
nerves in nonresponders (table 2 and table E-2). Frequency
of conduction block showed a tendency to be more pro-
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Table 8 Electrophysiologic findings before and after IVIg therapy

Nerve Pre IVig Post IVIg  p value®
Responders, n = 71
Median
MCV, m/s 324 +13.2 353+ 124 <0.05
DL, ms 6.6 = 4.0 6.7 = 4.7 NS
CMAP, mV 56 4.1 68.7+46 NS
CB, % 45.7 38.9 <0.05
Ulnar
MCV, m/s 335 + 113 36.7=x11l1 <0.01
DL, ms 53 2.8 4.8+ 27 NS
CMAP, mV 53+31  58%33 NS
CB, % 42.2 35.7 <0.05
Tibial
MCV, m/s 315 =83 33.3 + 104 <0.05
DL, ms 71+31 71+43 NS
CMAP, mV 3.5 +38.2 44 +43 NS
CB, % 44.8 27.6 <0.01
Nonresponders, n = 51
Median
MCV, m/s 385 + 13.6 39.1 =137 NS
DL, ms 73+41 7.7 %48 NS
CMAP, mV 59 =50 5.6 = 4.7 NS
CB, % 32.7 23.5 NS
Ulnar
MCV, m/s 36.0 + 144 340 x125 NS
DL, ms 5624 55 21 NS
CMAP, mV 44 +33 42+ 39 NS
CB, % 40.9 35.0 NS
Tibial
MCV, m/s 30.5 = 9.7 32.7 +10.3 NS
DL, ms 7.8 3.6 75 =39 NS
CMAP, mV 3.2 41 4.1 49 NS
CB, % 46.5 46.2 NS

* p value indicates a significant difference between responders
and nonresponders.

IVIg = IV immunoglobulin; MCV = motor nerve conduction ve-
locity; DL = distal latency; CMAP = compound muscle action
potential; CB = conduction block.

nounced in responders. In the patients with similar dura-
tions, electrophysiologic findings also resembled those for
patients as a whole. Mean CMAP was significantly more
reduced in nonresponders, and conduction block tended to
be more frequent in responders.

Electrophysiologic findings before and after IVIg thera-
py. We assessed electrophysiologic changes before and af-
ter IVIg (table 3). Mean MCV in the median, ulnar, and
tibial nerves in responders improved significantly after
IVIg, whereas mean CMAP in the same nerves did not. In
contrast, both mean MCV and mean CMAP in nonre-
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sponders did not improve significantly. Conduction block
became less frequent after IVIg in responders.

Discussion. One cardinal finding was that fea-
tures related to axonal dysfunction were a major con-
tribution to unresponsiveness to IVIg therapy in
CIDP. More severe CMAP amplitude reduction and
more severe muscle atrophy were seen in nonre-
sponders than in responders. MCV and distal latency
were essentially similar between responder and non-
responder groups, but conduction block was more
frequent in responders, suggesting that IVIg respon-
siveness was linked to demyelinating as opposed to
axonal features.

In the previous reports, nonresponsiveness has
been suggested to be caused by the longer interval
from symptom onset to initiation of IVIg therapy.’
One possible explanation for the longer duration ef-
fect might be that secondary axonal degeneration
could follow segmental demyelination in patients
with long symptomatic intervals prior to effective
therapy, as suggested in primary demyelination. Ac-
cordingly, we compared features between subgroups
of responders and nonresponders who had similar
disease duration from onset, obtaining similar re-
sults that axonal dysfunction remained the major
determinant of IVIg unresponsiveness. These obser-
vations suggest that whereas symptom duration be-
fore treatment was one determinant of IVIg
ineffectiveness in CIDP, duration-independent ax-
onal dysfunction was another. According to recent
reports, demyelination-independent primary axonal
damage has been suggested to occur in a subgroup of
CIDP cases, termed the axonal variant of CIDP.
These findings support our view that duration-
independent axonal features can exist in CIDP and
thus contribute to treatment failure.>%°

In addition, electrophysiologic impairment is more
reversible in responders than in nonresponders, and
demyelinating features are effectively improved by
IVIg. Axonal features, less reversible with IVIg, were
more prominent in nonresponders. Nonresponders also
did not show any improvement in MCV, CMAP, or
frequency of conduction block. The current results sug-
gest that the pathologic dysfunction of peripheral
nerves differs between responders and nonresponders.
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Missense mutations of the tas gene cause autosomal
dominant frontotemporal dementia and parkinson-
ism linked to chromosome 17 (FTDP-17), an illness
characterized by progressive personality changes, de-
mentia, and parkinsonism. There is prominent fron-
totemporal lobe atrophy of the brain accompanied by
abundant tau accumulation with neurofibrillary tan-
gles and neuronal cell loss. Using a hamster prion
protein gene expression vector, we generated several
independent lines of transgenic (Tg) mice expressing
the longest form of the human fousr-repeat fau with
the R406W mutation associated with FIDP-17. The
TgTauR406W 21807 line showed tan accamulation be-
ginning in the hippocampus and amygdala at 6
months of age, which subsequently spread to the
cortices and subcortical areas. The accumulated tau
was phosphorylated, ubiquitinated, conformation-

ally changed, argyrophilic, and sarcosyl-insoluble.
Activation of GSK-3 and astrocytic induction of
mouse tan were observed. Astrogliosis and microghio-
sis correlated with prominent tau accumulation. Elec-
tron microscopic examination revealed the presence
of straight filaments. Behavioral tests showed motor
disturbances and progressive acquired memory loss
between 10 to 12 momnths of age. These findings sug-
gested that TgTauR406W mice would be a useful
model in the study of frontotemporal dementia and
other tauopathies such as Alzheimer’s disease (AD).
(Am J Pathol 2005, 166:521-531)

Frontotemporal dementia and parkinsonism linked fo
chromosome 17 (FTDP-17) is a familial neurodegenera-
tive disease characterized by autosomal dominant inher-
ftance, personality change, progressive dementia, and
parkinsonism. Extensive tau accumulation with neurofi-
brillary tangles (NFT) and loss of neurons are character-
istic pathological changes and are assoclated with fron-
totemporal lobe atrophy.’ Following the initial discovery
of missense mutations in the tau gene, > numerous ex-
onic and Intronic mutations have been reporied.®? The
majority of mutations are clustered within or close to the
microtubute (MT)-binding domains, or in the 5 -splice site
of exon 10.5 Most of the exonic mutations lead to tau
proteins with a decreased ability to promote MT assem-
bly and an increase in self-aggregation.® Some of the
exonic, and all of the intronic, mutations cause an in-
crease in the level of four-repeat tau.®* An increase in
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four-repeat tau is hypothesized to promote tau self-ag-
gregation and decrease MT assembly.” These gain-of-
function effects have been suggested to cause tau ac-
cumutation leading to NFT formation and neuronal cell
death.

Several neurodegenerative diseases that display tau
accumulation, such as Alzheimer's disease, frontotempo-
ral dementia, Pick's disease, progressive supranuclear
palsy, and corticobasal degeneration are now classified
as tauopathies.® It is therefore important to clarify the
mechanism by which mutant tau accumulates and leads
to NFT formation and to determine whether or not there is
a single common pathological pathway of tauopathies.
Although pedigrees segregating the fau RA06W mutation
have a variety of clinical and pathological characteristics,
consistent pathological features include frontotemporal
atrophy, abundant tau accumulation, and neurofibriflary
tangles containing both paired helical filaments and
straight filaments.®~"" The tav R406W mutation has far a
weaker effect on MT assembly-promoting activity than
that of tav P301L and fau V337M mutations,® and stable
or transtent transfection of tau R406W in non-neuronal cell
lines showed that tau R406W was less phosphoryiated than
wild-type tau,'® While the sarcosyl-soluble tau RA06W was
less phosphorylated than sarcosyl-soluble wild-type tau,
sarcosyl-insoluble tau R406W was as highly phosphory-
lated as the insoluble wild-type tau.'® These resulis suUg-
gested unique molecular effects of tau R406W on NET
formation. For this reason, we generated transgenic (Tg)
mice expressing tau R408W (T gTauR406W). These mice
were then followed using bshavioral, neuropathological,
and netirochemical methods. While the majority of these
mice did not develop an overt behavioral or neuropatholog-
ical phenotype, a small proportion of these mice ( 20%)
developed a behavioral, neuropathological, and neuro-
chemical phenotype that displayed several features remi-
niscent of human tauopathies. The cause of this variation in
expressivity/penetrance is being explored and remains un-
known (possibly the effects of genetic background rmodifi-
ers although environmental effects cannot yet be ex-
cluded). Nevertheless, in its most highly expressed form,
the TgTauR406W mice developed an iliness characterized
by extensive accumulation of tau and subsequent alter-
ations in the neccortex, hippocampus, and amygdala as-
sociated with moter and memory disturbances,

Materials and Methods

Transgene Construction, Generation of
Transgenic Mice, and Analysis of RT-PCR

The longest isoform of wild-type human four-repeat tau
¢DNA containing a eukaryotic Kozak initiation sequence
(GCCGCCACC)'™* ™ upstream of the start codon was
ligated into the Saff restriction site of the cos.fet expres-
sion vector containing the Syrian hamster prion protein
promoter gene,’® packaged in vitro and plated on E, colf
DH1 to obtain a bacterial stock containing the recombi-
nant cosmid clone. To generate the tau R406W mutation,
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wild-type human four-repeat tau cDNA was mutated by
an oligonucleotide-mediated method with a proofreading
DNA polymerase (“Quick change”, Stratagene, La Jolla,
CA). Following confirmation of the site-directed mutagen-
esis by direct sequencing, the mutated fay R406W cDNA
was reintroduced into the cos.tet expression vector. The
transgenes were purified and microinjected into fertilized
oocytes of FVB/N mice as previously described, '@ Pog.
itive founders were subsequently bred with FVB wild-type
mice and offspring were genotyped using a human fau
GDNA fragment radiolabeled by the random-primer
method.

To analyze gene expression of human tau, RT-PCR
was performed using 2 | of mRNA isolated using the
QuickPrep Micro mRNA purification kit (Amersham Bio-
sclences, UK) from brains of Tg mice {21807) and non-Tg
mice brains at 8 and 10 months old (n 3, respectively)
in the reaction tube of Ready-To-Go RT-PCR Beads
(Amersham Biosciences, UK) with PCR primers sets as
follows: mouse tav exon 9F (5 -CACCAAAATCCG-
GAGAACGA-3 } and mouse exon 11R (5 -CTITGCT-
CAGGTCCACCGGC-3 ): human tau exon 9F (5 -CTC-
CAAAATCAGGGGATCGC-3 ) and human tau exon 11R
(56 -CCTTGCTCAGGTCAACTGGT-3 ). PCR conditions in-
cluded 30 cycles of 94°C for 30 seconds, 62°C for 30
seconds, 72°C for 45 seconds with a final 72°C extension
phase for 10 minutes, as In a previous report.*® For
semi-quantification, RT-PCR of -actin was performed as
internal control.?® Ten | of PCR products were analyzed
by 25% agarose gel elecrophoresis. The intensity of
ethidiumrstained bands was analyzed by Scion Image
(Scion Corporation, USA).

Transgenic founders were used to create Tg mice lines
bearing the tau R406W mutation: TgTauR406W 21807,
TogTauR406W 21783, and TgTauR406W 21768, Twenty-
one positive Tg progenies, 16 F1 Tg and 98 F2 Tg were
analyzed. The TgTauR406W 21807 line (n 11) was
used for the rotared and passive avoidance tests. All
animal experiments were performed according to guide-
lines established in the “Guide for the: Care and Use of
Laboratory Anirnals.”

Antibodies

The following antibodies were used: two human tau-spe-
cific antibodies, anti-tau154 (1:200; antibody to synthetic
amino acids of 154-168 of human tau 441), E1 (1.
1000)*" and two human and mouse tau antibodies, PHF-1
(1:100, kindly provided by Dr, P, Davies, Albert Einstein
College of Medicine),* and anti-tau-C against C-terminal
tau (1:200, 422-438 arino acid of human tau 441),% a
conformation-dependent tau antibody Alz-50 {1:100,
kindly provided by Dr. P Davies);* an anti-glial fibrillary
acidic protein antibody (GFAP, 1:20,000, DAKO, Den-
mark), an anti-microglia antibody (F4/80, 1:20, BMA Bio-
medicals, Switzerland), an anti-ubiquitin antibody {1:500,
kindly provided by Dr. D. Dickson, Mayo Clinic Jackson-
ville); phosphorylation-site specific tau antibodies: anti-
PS199 (phosphorylated serine 199, 1:500),252% CP13
{phosphorylated at serine 202, 1:100, kindly provided by



Dr. P. Davies),?” AT8 (phosphorylated serine 202/
threonine 205, 1:2000),%® anti-PT205 (phosphorylated
threcnine 205, 1:100),%° anti-PT231/PS235 (phosphory-
lated threonine 231/serine 235, 1:500),%® anti-PS396 (phos-
phorylated serine 396, 1:500)*° and anti-PS413 (phosphor-
ylated serine 413, 1:100)?%; antibodies against kinase for
tau phosphorylation: anti-glycogen synthase kinase-3 {an-
#-GSK-3 |, 1:50),252° anti-GSK-3 (1:100),2%2° anti-PY216
(anti-activated GSK-3 , 1:250),°%%%29 anti-PS9 (anti-
inactive GSK-3 , 1:25),252° anti-Cdk5 antibody {(anti-cyclin-
dependent kinase 5, 1:100)*>2° and anti-MAPK (anti-
mitogen-activated protein kinase, 1:250).7%%°

Tissue Preparation and Staining

After mice were sacrificed under ether anesthesia, brains
were removed and cut sagittally at the midline. One hemi-
sphere was fixed in 4% paraformaldehyde with 0.1 rmol/L
phosphate butfer (PB, pH 7.6) for 1 week and embedded
in paraffin. Five m-hick sections were prepared for
staining. Sections were immersed in 0.56% periodic acid
and treated with 99% formic acid for 3 minutes for tau
immunostaining, After blocking with 5% normal goat se-
rum in 50 mmol/L. phosphate-buffered saline (PBS) con-
taining 0.05% Tween 20 and 4% Block Ace (Snow Brand,
Japan), sections were incubated for 6 hours with the
primary antibodies. The specific labeling was visualized
using a Vectastain Elite ABC kit {Vector Labs, Burlin-
game, CA). These tissue sections were counterstained
with hematoxylin. Conventional Gallyas-Braak silver
staining for NFT and Nissl staining for neuronal cell
counts were performed. We adopted the terminology
defined based on an atlas of the mouse brain.®® The
number of neurons/mm?® was counted in three Nissl-
stained 5-mm sections from the piriform cortex and
amygdala of 11 Tg mice, including no. 8859 and no.
9731, and 11 age-matched 10-month-old non-Tg mice.

Electron Microscopic Study

The brain lissues were Immersed in a fixative solution
(2.5% glutaraldehyde, 0.1 mol/L phosphate buiffer, pH
7.4) for 4 hours and washed several times in 0.1 mol/L. PB
containing 7% sucrose. Blocks were then post-fixed in
2% ostnium tetroxide, dehydrated in ethanol and pro-
pylene oxide, and embedded in Quetol 812 (Nisshin EM,
Japan). Ultra-thin sections were stained with uranyl ace-
tate and lead acetate before observation with an electron
microscope.

For immuno-electron microscopic study, PBS-washed
pellets, after sarcosyl extraction of Tg mice brains, were
applied to carbon-coated 400 mesh EM grids (VECO,
Holland). The samples were incubated with an ant-
taut54 antibody at room temperature for 3 hours. Each
specimen was washed with PBS and incubated with
12-nm colloidal gold conjugated anti-rabbit IgG (Jackson
Immunoresearch Labs, PA) at room temperature for 1
hour, then examined by electron microscopy (EM).
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Western Blot Analysis

Half of the brains from Tg or non-Tg mice at & and 13
months of age were weighed and homogenized using a
Teflon-homogenizer in nine volumes of Tris-saline buffer
(TS) with protease inhibitors (TS inhibitors: 50 mmol/L
Tris-HC! and 150 mmol/l. NaCl, pH 7.6, 0.5 mmolfL. DIFP,
0.5 mmol/L PMSF, 1 g/ml TLCK, 1 g/m! antipain, 1

g/mi leupeptin, 0.1 g/ml pepstatin, 1 mmol/L. EGTA).
The homogenate was centrifuged at 55,000 rpm for 60
minutes at 4°C and the supernatant was analyzed as the
TS-soluble fraction. Then, the peltets were homogenized
again in four volumes of 1% sarcosyl in TS inhibitors,
incubated on ice for 30 minutes, and centrifuged at
55,000 rpm for 60 minutes at 4°C, The supernatant and
pellet were analyzed as sarcosyl-soluble or sarcosyl-
insoluble fractions, respectively. Each 2 | of sample was
hailed at 70°C in four volumes of sodium dodecylsulfate
(SDS) sample buffer and separated on 4 to 12% NuPAGE
Bis-Tris Gel (Invitrogen Corp., Carisbad, CA). The signal
intensity was detected using the ECL-Plus system (Am-
ersham Bioscience Corp., NJ} and a luminoimage ana-
tyzer (LAS 1000-Mini, Fuji Film, Tokyo).

Rotarod Test

Tg mice (n 11) and age-maiched non-Tg control mice
(n 11)at 10 and 12 months old were assessed for how
long they could stay on a rotating rod readmill apparatus
{Ugo Basile, Biclogical Research Apparatus, Milan, ltaly).
Mice were placed on the rod rotating at a speed of 16
rpm for 30 seconds, and the time they stayed on the
rotating rod was measured. The trial was performed three
times and then repeated three additional times after 10
minutes of rest for every mouse. Statistical analysis was
conducted by the Mann-Whitney test.

Step-Through Passive Avoidance Test

Tg mice (¢ 11) and age-matched non-Tg control mice
(n  11) at 10 months of age were examined, The appa-
ratus (AP model, O'Hara Co., Tokyo, Japan) for the step-
through passive avoidance test consisted of two com-
partments; one was illuminated [light at the top of the
compartment (27 watt, 3000 1ux)] and the other was a
dark compartment. After the mouse was placed in the
iluminated safe compartment, the compartment was i,
and the mouse stepped through an open guillotine door
into the dark compartment. The time spent in the Hlumi-
nated compartment was defined as the latency time.
Three seconds after the mouse entered the dark com-
partment, a foot-shock (0.3 mA, 50 V, 50 Hz AC, for 3
seconds) was given, The retention of avoidance memory
trials was carried out once a week for 9 weeks after 5
days of serial acquisition trials. The retention latency time
was measured for up to 300 seconds without delivering a
foot-shock, 312 Statistical analysis was performed by a
two-way repeated measure analysis of variance (SPSS
Version 11).
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Flgure 1. Progress and distribution of human tau accumulation. In 6-month-old TgTauR406W 21807 mice, human tau is detected in the hippocampus and the
amygdala (arrowhead A, hippocampus; atrow —, amygdala} (a). Accumulation of human tau has spread to the neocortex, which corresponded to the
feocortex in mouse pathology, and caudate putamen, in addition to the hippocampus at 8 months of age (b). In 14-month-old TgTauR406W 21807 mice, human
tau i widely accumulated in the neocortex and subcortical regions (c). No human tau accumulation is found in age-matched non-Tg mice brains (d and £, Teu
accumulated in the cell bodies (e, neocortex; g, anterior hom cells) and processes () of neuronal cells. Accumulation of human tau is prominent in the neocortex
and the piriform cortex (1 to k), hippocampus (k and 1), amygdala (1), cerebelium (m), and spinal cord (s and ©) at 10 months of age. Anti-taulS4 antibody

staining: Bar, 0.5 mm (a-d and ~0)% 125 m (e-h).

Resulfs

Progression and Distribution of Tau
Accumulation in Brains of Tg Mice

At 3 months of age (n 5), there was no detectable
accumulation of human tau by immunocytochemistry, At
6 months of age (n  5), tau 154 labeled some neurons
and processes in the dentate gyrus of the hippocampus
{Figure ta, arrowhead) and neurons in the amygdala
(Figure 1a, arrow). At 8 months of age (n 5), tau
deposition was observed in the cell bodies and pro-
cesses of neurons of the neocortex, hippocampus, and
amygdala (Figure 1b). At 14 months old (n 4), accu-
mulation of tau protein progressively extended to the
caudate putamen, white matter, and cerebellar cortex
(Figure 1c). This tau immunoreactivity was enhanced by
formic acid prefreatment. Human tau was not detected in
the brains of non-Tg conirof mice at 14 months of age
(Figure 1d).

Accumulation of human tau was intensely observed in
the neocortex and the piriform cortex, amygdala, and
hippocampus in 10-menth-old Tg mice brains {n 13)
(Figure 1, i to k). In the neocortex, accumulation of tau
was prominent in layer I and V-Vl (Figure 1k). Moderate
accumulation of tau was observed in the entorhinal cor-
tex, caudate putamen, anterior and posterior horn of the
spinal cord, brainstem and cortex of the cerebellum (Fig-
ure 1, 1 to o). The staining of tau in the olfactory bulb,
thalamus, and hypothalamus was weak (Figure 1, ito ),
Tau was also observed in subcortical areas, such as the

corpus callosum, internal capsule, white matter of the
cerebellum, and white matter of the spinal cord. No atro-
phy was observed in skeletal muscles, The accumulated
tau localized predominantly in the cell bodies and pro-
cesses of the neocortical neurons (Figure 1e). Granular
dot-like stainings were frequently observed all around the
neurons (Figure 1e). No human tau was observed in
nan-Tg control mice (Figure ). Tau accumulated in the
cell bodies and dendrites of neurons in the anterior horn
of the spinal cord (Figure 1g) and in heuronal processes
in the neocortex (Figure 1h).

Reactive Changes following Tau Accumulation
in Tg Mice Brains

In 10-month-old Tg mice, GFAP immunostaining demon-
strated marked astrogliosis in the neocortex, amygdala
(Figure 2a, arrow}, and hippocampus {Figure 2a, arrow-
head) compared with non-Tg mice (Figure 2b). Numer-
ous large GFAP-positive bizarre astrocytes were promi-
nent in the amygdala and hippocampus (Figure 2c),
These reactive astrocytes were not detected in non-Tg
controf mice (Figure 2d), and they were not stained with
anti-tau 154 (Figure 2e, arrow). However, anti-tau-C anti-
body labeled these astrocytes (Figure 21, arrow), sug-
gesting that infrinsic murine tau was induced in these
glial cells, F4/80 staining showed more prominent micro-
gliogis in the neocortex, amygdala and hippocampus of
Tg mice (Figure 2g) compared with non-Tg control mice
(Figure 2h). In a TgTauR406W 21807 (no. 8859) mouse
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Figure 2. Reactive changes. In TgTauR406W 21807 mice, extensive astrogliosis is detected in the hippocampus, amygdala and neocostex (arrowhead 4,
hippocampus; attow ~», amygdala) (a) compared with non-Tg controls (b). At high magnification of the amygdala (@), numerous large bizarre astrocytes are
shown in the Tg mice (), but not in the non-Tg mice brains (&). In the bizzare astrocytes, human tau R406W is not observed (—) (€). However, these astrocytes
express endogenous mouse tau (—) (). Microgliosis is more prominent in the Tg mice brains (g) compared with the brain of a control mouse (h). In the amygdala
of 21807 mice, the number of neuronal cells is decreased (i) compared with the non-Tg mice brains (}). Bar, 1 mm (2 and b); 50 m (e,

that presented with rapidly progressive and severe aki-
nesia, and which had the most severe pathological alter-
ations, there was a subjective impression that number of
neuronal cells was decreased in the amygdala (Figure 2i)
and the piriform cortex in comparison with those of
non-Tg control mice (Figure 2j).

Although formal stereological cell counts have not
been performed, there did not appear to be any massive
and consistent patterns of neuronal cell loss, A subset of
Tg mice appeared to have reduced neuronal cell number
that did not reach significance when overalt quantification
of neurons was performed. However, noA amyloid dep-

osition was induced in the brains of Tg mice (data not
shown).

Phosphorylation and Ubiquitination of
Accumuiated Tau in Tg Mice Brains

To investigate whether the accumulated tau was phos-
phorylated and ubiquitinated, we analyzed 10-month-old
Tg mice brains by immunocytochemistry using several
antibodies, which identify the PHF of Alzheimer's dis-
ease.®® The accumulated human tau R406W in the cell
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Figure 3. Phosphorylation of accumulated tau, In the Tg mice brains, anti-tau154 antibody-labeled tau accumulations are seen in neurons and processes and as

q : o - * x

small round dot-like stains (a). These structures are labeled by both E1 (b) and PHF-1 antibodies (c). Antibody CP13 (d), Alz-50 (&) labeled neuronal cell bodies
and dendrites, Anti-ubiquitin antibody stained neuronal cell bodies and dendrites (f). Phosphorylated tau antibodies P8199, AT8 and PT205, PT231/PS235, PS396,
PS413 labeled neuronal cell bodies and dendrites (g-1). Anti-GSK-3 antibody labeled cell bodies of neurons (m). Anti-PY216 antibody against activated GSK-3

immunostained cell bodies of neurons (1), which are also stained by Cdk5 (o). Neither anti-PS9 against non-activated G5R-3 , anti-GSK-3 , nor anti-MAPK

labeled these neurons (p to £, Bar, 50 m.

bodies and neuronal processes of the piriform cortices
was labeled by the human tau-specific antibodies anti-
tau 154 (Figure 3a) and E1 (Figure 3b). PHF-1 {Figure 3c)
and antibody CP13 (Figure 3d) labeled cell bodies
mainly. Alz-50 (Figure 3e) similarly immunostained neu-
ronal cell bodies and processes. The anti-ubiquitin anti-
body (Figure 3f) labeled cell bodies with nuclear staining
and processes. Phosphorylation site-specific tau anti-
bodies, PS199, AT8(Ser202/Thr205), PT205, PT231/
PS235, PS396, and PS413 similarly labeled neuronal cell
bodies and processes (Figure 3, g to 1). These findings
suggested that the accumulated tau was phosphorylated
and ubiquitinated as is seen in PHF tau in Alzheimer's
disease. To investigate what kind of kinase was activated
in forming phosphorylated tau in Tg mice, kinases asso-
ciated with PHF tau were examined. Anti-GSK-3 labeled
the axons, dendrites, and cell bodies of neuronal cells in

Figure 4. Gallyas-Braak staining. In 14-month-old Tau tauR406W 21807 mice,

amygdala (¢, ~) are labeled by Gallyas-Braak staining. Bar, 20 m

neocortices and the hippocampus area {Figure 3m). Anii-
PY216 labeled the cell bodies of neuronal cells (Figure
3n). The anti-Cdk5 antibody labeled the processes and
celf bodies of neuronal cells (Figure 30), while non-Tg
mice did not show any such immunostaining (not shown).
Anti-PS9, anti-GSK-3 , and anti-MAPK did not [abel any
neuronal cells in either Tg or non-Tg mice (Figure 3, p to
1. These findings suggested that activated GSK-3 and
Cdkb were major kinases for phosphorylation of accumu-
lated tau in this Tg mouse.

Gallyas-Braak Staining

To detect the formation of neurofibrillary tangles, Gatlyas-
Braak staining was performed, This staining labeled oc-
casional cell bodies and the processes of the pyramidal

some granular cells of the hippocampus (a and b, arvow - and nevrons in the
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Figure 5, Eleciron microscopic study. Numerous filamentous aggregates are detected in the cell bodies near the nucleus of neurons in the pisiform contex (a,  27,000).

Other filamentous aggregates were observed near the nucleus of neurons in the amygdala (b,  11,900). Al higher magnification (€, 93,000), and following negative
staining of sarcosyl-insoluble fractions (d, 130,000), 15- to 30-nm straight filaments are observed. Immunogold staining using anti-taul 34 confirmed that these were
aggregated tan filaments in the sarcosykinsoluble fraction (e,  130,000). Bar, 330 nm (@), 750 nam (), 97 nm (<), and 69 nm (d and €).

cells of the hippocampus (Figure 4, a and b, arrow) and
amygdala (Figure 4c, arrow) in 14-month-old Tg mice.

Electron Microscopic Study

EM studies of the piriform cortex revealed massive fila-
ments in the cell bodies of neurons (Figure 5a). Other
aggregates were observed near the nucleus of neurons
in the amygdala (Figure 5b). At higher magnifications,
these filaments were straight and their diameters were 15
to 30 nm (Figure 5¢). These filaments were present in the
sarcosyl-insoluble fraction by negative staining (Figure
5d). By immunogold EM, these filaments were labeled by
the anti-tau154 antibody (Figure 5e), suggesting that they
consisted of accumutated human tau R406W.

Analyses of RT-PCR Transcripts and
Westem Blot

RT-PCR showed that expression of human fau mRNA
transcripts (exon 9-11} was detected only in Tg mice
brains, but not in non-Tg mice brains, and revealed that
the level of transcription was equivalent at 6 months and

10 months of age (Figure 6a, upper panel). The expres-
sion of mouse tau MRNA transcripts was detected in both
Tg mice brains and non-Tg mice brains (Figure 6a, lower
panel), Semi-quantification of RT-PCR showed that the
expression level of human fau R406W mRNA transcript
was 119% at 6 months old and 121% at 10 months old
compared to the levels of endogenous mouse fau.
Tris-saline (TS)-soluble human fau distributed in all
neocortical regions, the hippocampus, caudate puta-
men, and thalamus, in addition to the brainstem-spinal
cord In 5-month-old Tg mice (Figure 6b). in the TS-solu-
ble fraction, the level of total tau protein detected by
antibody tau-C was 1.8 times higher than age-maiched
non-Tg control mice, suggesting that the expression level
of human tau R406W was about 80% that of endogenous
mouse total tau protein (Figure 6c¢, upper panel). The
Western blot findings by AT8 showed tau in the TS-
soluble fractions of Tg mice was phosphorylated (Figure
6c, lower panel). Accumulated tau R406W was recog-
nized in sarcosyl-insoluble fractions and corresponded to
the highest 67-kd band of recombinant human tau 6
isoforms 333 (Figure 6d). The accumulation of TS-solu-
ble or sarcosyl-insoluble tau was not observed in non-Tg
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Figure 6. Analyses of RT-PCR transcripts and Western blot. Human tau mRNA transcripts (exon 9-11) were detected 25 390 bp only in Tg mice brains, but not
in non-Tg mice brains, and the intensity of PCR products was at the same level as 6- and 10-month-old Tg mice brains (3, upper panel). Mouse tau mMRNA
transcripts were detected in both Tg and non-Tg mice brains at the same level at 6 and 10 months of age. The signal intensities of the bands of the human tau
mRNA transcripts expressed more than those of mouse tau (a, lower panel). The expression level of human tau R406W in 2 TS-soluble fraction was relatively
higher in cerebral cortical areas, the hippocampus, caudate putamen, thalamus and cerebellum, in addition to the brainstem-spinal cord (b, upper panel). The
expression of TS-soluble tau is not observed in non-Tg control mice (b, lower paned). In the TS-soluble fraction of the brain, the expression rate of total tau
protein detected by antibody tau-C is 1.8 times higher in the Tg mouse at 6 months of age compared with an age-matched non-Tg mouse (¢, upper panel). A
Western blot using AT8 showed that tau in a TS-soluble fraction of Tg mice was phosphorylated (¢, lower panel). In two 10-month-old TgTau(R406W) brains
(Tgl, 21807 and Tg2, 21783), accumulated tauR406W was recognized in the sarcosylinsoluble fractions and corresponded to the highest 67-kd band of
recombinant tau € isoforms. Smear tau was detected in the brain of an AD patient; however, no accumulation of sarcosyl-insoluble tau is observed in non-Tg
control mice (d). Accumulated tau was detected by PHF-1, Alz-50, and ATS8, which corresponded to the highest 67 kd band of recombinant tay 6 isoforms (e,
upper panel). Several phosphorylated tau antibodies showed a §7-kd band corresponding to the ongest tau isoform, and accumulated tau was phosphorylated

at several sites of human tau (PS199, PT205, PT231/P5235, PS396, PS413) (e,

middie panel). GSK-3 , especially activated GSK-3 (PYZ1 6), showed high

accumulation 1o 48kD in Tg mice brains. On the contrary, P$9, an inactivated GSK-3  antibody, did not show any bands (e, lower panel),

control mice (Figure 6, b to d). The Western blot with ATS,
Alz-50, and PHF-1 showed a band at 67 kd in the sarco-
sylinsoluble fractions of Tg mice brains {Figure 6e, upper
panel), Accumulated tau was phosphorylated at serine
199, threonine 2085, serine 202/threonine 205, threonine
231/setine 235, serine 396, and serine 413 in Tg mice
brains (Figure 6e, middie panel). The anti-GSK-3 anti-
body and anti-PY216 showed a 48-kd size band. Anti-
PS2 did not show any bands (Figure 6e, lower panel),

Rotarod and Step-Through Passive
Avoidance Tests

There was no significant difference in rotarod test be-
tween 5-month-old Tg and non-Tg mice, The rotarod test
revealed a significant decrease in retention time on the
rotating rod in 10-month-old (P 0.0001) and 12-month-
old Tg mice (P 0.0001) compared with their age-
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Figure 7. Behavioral examination. as Rotarod test. There was no significant difference in rotarod test between 5-month-old Tg 2nd non-Tg mice. The retention

time of Tg mice (n  11) and non-Tg mice (»

11) on a roforing rod is significantly decreased in Tg mice at 10 and 12 months of age compared with non-Tg

mice (P 0.0001). bs Step-through passive avoidance test, Learning stages of Tg mice {closed circle) and non-Tg mice (open elrcle) at 10 months of age were
not significantly different for $ days (Jeft). The latency time of Tg mice became shorter than that of non-Tg mice from 2.5 weeks and a significant decrease was
shown from 7 weeks (P 0.05) and from 8 to 10 weeks (P 0.001) by two-way repeated measure analysis of vanance.

matched non-Tg mice littermates. However, there was no
significant difference in performance between 10- and
12-month-old Tg mice (Figure 7a).

The step-through passive avoidance test at 10 months
of age revealed that both the Tg and non-Tg control mice
learned to avoid electrical stimull in the dark compart-
ment within five serial trials in 1 week, with no significant
difference during the learning phase. However, the reten-
tion time for the avoldance reaction in the Tg mice began
to decrease 7 weeks later. This behavioral disturbance
continued to worsen during the subsequent eighth, ninth,
and tenth weeks compared with non-Tg control mice
(P 0.0001) (Figure 7b).

Discussion

Several groups have reported wild-type tau Tg mice®3°
and mutant-type tau Tg mice.*®~** Tg mice expressing
the wild-type of fourrepeat human tau have exhibited
somatodendritic localization and hyperphosphorylation
of tau,®® and prominent axonal tau accumulation in the
brain and spinal cord. The shortest human three-repeat
tau showed age-dependent emergence, and progres-
sion of tauopathy with Congophilic or Gallyas-Braak
stain-positive, NFT-like intraneuronal inclusions in the
brainstem and spinal cord.*®%” Tau P301L Ty mice ex-
hibited neurofibrillary tangles and neuronal loss in the
anterior horn of the spinal cord.*°*! Tau V337M Tg mice
were reported to form phosphorylated and ubiquitinated
tau aggregations labeled by Congo red.*® Tau P301S Tg
mice also showed neuronal loss in the spinal cord, pre-
senting with abundant filaments consisting of hyperphos-
phorylated tau protein.*® Tau R406W Tg mice under a
CaMKll promoter showed Congophilic and argyrophilic
tau inclusion in hippocampal neurons, and impaired as-
sociative memoty during cued and contexual tests.**
Compared with these mice, TgTauR406W mice
showed a unique distribution of tau accumulation initiat-

ing from neuronal processes to the cell bodles of neurons
in the hippocampus, amygdala, and neocortices, which
was accompanied by astrocytosis and microgliosis. The
accumulated tau was ubiquitinated and was phosphory-
lated at serine 199, serine 202, threonine 205, threonine
231/serine 235, serine 396, and serine 413, These sites
are also phosphorylated in Alzheimer's disease.® In
FTDP-17 patients with fau R406W, the accumulated tau
is phosphorylated at serine 202, threonine 205, 231, and
threonine 386."°~2 Recently, in Immortalized mouse corti-
cal cells that express low levels of endogenous tau and
which were stably transfected with human tau R406W or
wild-type human tau, the tau R408W was more highly phos-
phorylated at numerous epitopes, and showed decreased
microtubule binding compared to wild-type human tau.*®
The accurmulated tau R406W in our Tg mouse model there-
fore has phosphorylated sites in common with those ob-
served in FTDP-17°"'2 and Alzheimer's disease.®®*7

The expression level of fau R406W was about 80% that
of the endogenous mouse tau levels by Western blot
analysis. The human {au was expressed at relatively sim-
ilar levels in all neocortical regions of the mice brains.
Human tau R406W was clearly detected in the sarcosyl-
insoluble fraction in Tg mice brains. Phosphorylated tau
observed by immunostaining was revealed to accumu-
late in sarcosyl-insoluble fractions by Western blot.

The antibody to activated GSK-3 (PY216) detected
prominent activated GSK-3  in TgTauR406W mice brains
by immunocytochemistry, These findings were in agree-
ment with similar results from Western blot analysis of the
sarcosyl-insoluble fraction, indicating the close biochem-
ical relationship between tau accumulation and the ac-
tivity of GSK-3 in Tg mice brains, which is likely to occur
in the brains of FTDP-17 patients with tau R406W °~'2 and
tauopathies including AD.2%47

EM analysis showed straight 15- to 30-nm filaments in
the cell bodies of neurons composed of expressed hu-
man mutant tau R406W, FTDP-17 patients with fav
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R406W showed both paired helical filaments (with a max-
imum diameter of 20 to 24 nm and with periodic constric-
tions at 70- to 80-nm intervals) and a few straight fila-
ments of about 12-nm diameter.® These filaments were
located in sarcosyl-insoluble fractions.™® In the AD brain,
paired helical filaments with a diameter of 8 to 20 nm and
straight filaments were also typically recovered from the
sarcosyl-insoluble fraction. However, although the distri-
bution and characteristics of the accumulated tau in
TgTauR406W mice brains resembled those in Dutch pa-
tients with the same FTDP-17 (tau R406W) (Dutch 4 fam-
ily),’® we did not observe PHFs, but rather straight fila-
ments, in Tg mice brains, It is concelvable that this may
have arisen because our mutant fransgene expressed
only a single isoforms of tau. 1t will be necessary to
undertake additional studies with transgenes allowing
alternative splicing of exons 2, 3, and 10 to determine
whether accumulation of all six isoforms of tau R406W
can cause the typical PHF as seen in AD patients.

A prominent pathological findings in the brains of pa-
tients with the TauR406W mutation has been reactive
astrocytosis and microgliosis.®'" We observed promi-
nent astrocytosis in the neocortex, amygdala, and hip-
pacampus. Interestingly, these reactive astrocytes ex-
pressed endogenous murine tau in their cell bodies.
These findings suggest that accumulated mutant human
tau induced reactive astrocylosis and microgliosis, and
may then exacerbate the tauopathy by further modulating
the metabolism of endogenous tau. Recent siudies re-
ported the appearance of filamentous tau in oligodendro-
cytes and astrocytes in JNPL3 lines expressing mutant
tau P301L using a murine prion promoter,*®

In addition to pathological and bicchemical findings,
TgTauR406W mice demonstrated aberrant behavior. The
decreased retention time in the rotarod test was due to a
slow movement or a slow response causing postural
instability on the rotating rod. The slow response, slow
movement, and paucity of mobility resemble the parkin-
sonian motor deficits observed in some FTDP-17 pa-
tients, and suggests that tau accumulation in subcortical
areas, especially the caudate and putamen in Tg mice
brains, may cause these behavioral abnormalities, A mo-
tor deficit detected by the rotarod test started from at
least 10 months and was also detected at 12 months of
age (P 0.005). In the passive avoidance test,
TgTauR406W mice failed to remember the noxious stim-
ulus and moved actively from the light compartment into
the dark compartment. This selective loss of acquired
memory in TgTauR406W mice may have been caused by
massive accumutation of phosphorylated, conformation-
ally changed, and insoluble aggregated tau in neurons
and their processes.

Taken together, all these findings indicate that the
present animal model reproduced many of the principal
neuropathological, biochemical, and behavioral features
of FTDP-17 with the tau R406W mutation, not achieved by
expressing tagged tau,** indicating the first convincing
R406W tau mouse model. As a result, these TgTauR4068W
mice may be useful for investigating the pathogenesis of not
only FTDP-17, but also other tauopathies including Alzhei-

mer's disease,*>*° and for developing possible therapeutic
agents.
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Summary

Background: Chronic encephalitis has rarely been seen, probably due to its viral origins, which may produce
the disease in healthy or immunocompromised hosts. The etiology and pathophysiology of these
types of encephalitis have not yet been clarified.

Case Report: | A 63-year-old Japanese woman with underlying multiple myeloma developed chronic encephalitis
with fever and progressive dementia, bilateral mild thalamnic lesions on magnetic resonance imag-
ing, and a prolonged pleocytosis, normal glucose value, and elevated interleukin-6 and interferon-
Yin the cerebrospinal fluid (CSF). The patient died of pneumenia 6 months after the onset of ill-
ness, and diffuse microglial nodules were found in the entire brain. No causative viral agents were
identified by polymerase chain reaction and serological tests,

Conclusions: | The patient was presumed to have suffered from chronic viral encephalitis, based on clinical find-
ings, including CSF and cytokine changes. Microglial nodules are observed in flavivirus group en-
cephalitides, Rickettsia infections, and cytomegalovirus encephalitis in immunocompromised hosts.
The possible pathogenesis of this rare encephalitis is discussed.
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BACKGROUND

Microglial nodules are observed in many infectious central
nervous system (CNS) diseases, particularly viral encephali-
tis [1,2]. Among human viral encephalitides, first Japanese
encephalitis (JE) is considered for the histological findings,
in which numerous microglial nodules are seen in the gray
matter from the cortex to the spinal cord, Other infectious
CNS diseases include tick-borne encephalitis, St. Louis en-
cephalitis, West Nile encephalitis, Pette-Doring encephalitis,
and other Rickettsial infections [3-6]. Recently, microglial
nodules have been described in cytomegalovirus (CMV) en-
cephalopathy and cryptococcus meningitis in immunocom-
prormised hosts, such as those with AIDS [7-10]. To date,
subacute or chronic viral encephalitis with glial nodules are
limited to several diseases (Table 1).

We here report a case of chronic viral encephalitis with un-
derlying multiple myeloma (MM) characterized by fever, pro-
gressive dementia and decorticate posture, bilateral thalamic
lesions on magnetic resonance imaging (MRI), mild pleocy-
tosis, and elevated interleukin (IL)-6 and interferon (IFN)-y
in the cerebrospinal fluid (CSF). Six months after onset, the
patient died of pneumonia, and diffuse microglial nodules
were found throughout the entire brain on autopsy.

CASE REPORT

A 63-year-old Japanese woman was admitted to a hospital in
Kurume with pneumonia in January, 1998. At age 52, she
had been operated on for myoma, and at age 59, she had
been diagnosed with pyelonephritis. She had not been over-
seas for the past 10 years.

After her 1998 admission, her pneumonia reocurred repeat-
edly, It was suspected that she was immunocompromised,
and testing revealed that she had IgG-k type MM. She was
given a small amount of melphalan and predonisolone. In
July of 1999 she developed a fever of 39°C, and began to
display such symptoms as delayed verbal response and cog-
nitive impairment. In mid-August, disorientation and de-
mentia-like symptoms appeared, and she was admitted to
our University Hospital (Figure 1).

Upon admission, her blood pressure was 152/88 mmHg,
pulse 84/min, temperature 38.2°C, and cardiac and respira-
tory sounds normal. She was in a confusional state. Apraxia
and agnosia were not seen, deep tendon reflexes were de-
creased, the Babinski reflex was negative on both sides, and
recto-urinary disturbances were present.

Other results were as follows: Erythrocyte sedimentation
rate, 45 mm/1 hr, red blood cell count, 299x10* white blood
cells, 4700/ pL, CRP, 2.48 mg/d}; LDH, 1049 u/l; BUN,
23.1 mg/dl; creatinine, 0.7 mg/dl; Na,134 mEq/l; IgGk M
protein (+);1gA, 14 mg/dl; IgM, 19 mg; and 1gG 1190mg.
Squamous cell carcinoma {SCC) was 2.0 ng/ml (normal<2.0
ng/dl}, The serum Venereal Disease Research Laboratory
(VDRL) test was negative. The serum JE virus complement
fixation (CF) titer was 1: 8. Serologic tests for herpes sim-
plex virus (HSV), varicella-zoster virus (VZV), CMV, Epstein-
Barr virus (EBV), measles virus and human immunodefi-
ciency virus (HIV) were all negative. The CSF contained
14 cells/pL (lymphocytes), 48 mg/dl protein, 68 mg/dl glu-

Table 1. Subacute or chronic viral encephalitis presenting with glial
nodule.

Japanese encephalitis

West Nile encephalitis

Russian spring-summer encephalitis

Pette-Doring encephalitis

Herpes simplex encephalitis

Cytomegalovirus encephalitis

Epstein-Barr virus encephalitis

Measles encephalitis

Unknown etiology

cose, and 10.8 ng/ml (positive >10ng/ml) neuron specif-
ic enolase (NSE), and her 14-3-3 protein was negative. The
CSF concentrations of tumor necrosis factor (TNF)-g, inter-
feukin (IL)-2, IL-6, interferon (IFN)-y, and 11-10 were de-
termined using sandwich-type enzyme-linked immunosorb-
ent assay (ELISA) kits. The cytokine measurements were:
TNF-¢. <2.8 pg/ml (normal range <6.1), 1L-2 5.1 (<4.6), IL-6
63.6 (<6.1), IFN-y 65.6 (<6.1), and IL-10 4.3 (<6.1). A nest-
ed CSF PCR was performed using primer sequences for the
DNA polymerase gene region thatare common to the her
pesvirus groups for HSV, VZV, CMV, EBV, and human her-
pesvirus 6, but the results were negative. An ECG and chest
X-ray were unremarkable, and a skull X-ray revealed patchy
lesions. A brain MRI exhibited mild abnormal lesions in the
bilateral thalami and deep white matter (Figure 2). An elec-
troencephalogram (EEG) showed generalized slow waves.
Bone marrow testing revealed 1.6x10! nuclear cells (nor
mal: 5~20x10%) and 8.8% plasma cell. Culture tests for bac-
teria in the blood and CSF were negative.

Clinical course: The patient had a persistent fever of 38°C
and progressive dementia, and the source of the infections
or MM was reexamined. CSF pleocytosis (14~45/mm?) con-
tinued, predominantly with lymphocytes. Collagen disease,
malignancy, and metabolic diseases were ruled out, based on
the laboratory data. Creutzfeld-Jakob disease was suspected
because of the progressive dementia, decorticate posture,
myoclonus, and NSE of 10.8 ng/ml in the GSF. However, an
assay for the CSF 14-3-3 protein was negative, and periodic
synchronous discharge (PSD) was not seen throughout the
entire course. In January of 2000, her condition was compli-
cated by pneumonia, and the sputum PCR for the CMV-DNA
was positive. Ganciclovir was initiated, but her respiratory
insufficiency increased, and she died on January 31, 2000.
A necropsy was performed on her brain only.

PATHOLOGICAL FINDINGS

At autopsy, the brain weighed 1340 g. Macroscopic findings re-
vealed only slight vascular congestion and localized swelling.
Histologically, there were numerous glial nodules consisting of
lymphocytes and astrocytes in the entire brain (frontal, both
hippocampl, the temporal and basal ganglia, and the occipital
Jobes) with marked gliosis (Figure 3 A-D). Slight softening was
seen in the left hippocampus. Although the MRI had revealed
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Figure 2, MRIT2Wi revealed high intensity lesions in both thalami
and deep white matter (arrows).

bifateral mild thalamic and subcortical lesions, the histological
distribution of the microglial nodules at necropsy were not cor-
related with the MR lesions. In the hemisphere, cerebellum,
and brainstem, no neuronal cell loss or softening, such as is
found in CreutzfeldtJakob disease, were observed.In addition,
immunostaining for the prion protein was negative.

Serological tests

After her autopsy, the JE virus ELISA IgG and IgM, and the
anti-flavivirus antibodies, were examined using two CSF sam-
ples which had been obtained one and three months after
the onset of illness. However, the results were all <1:10. The
serial serum JE virus antibody could not be measured, be-
cause the sera were not stored, A virus isolation test from
the CSFs using VERO cells was negative.

DISCUSSION

The present case showed fever, progressive dementia, and
mild CSF lymphocytic pleocytosis and normal glucose val-
ues during the whole course of the illness, and the CSF cy-
tokine findings, including elevated I1-6 and INF-y, were
suggestive of viral infections [11-13]. Thus, chronic viral
encephalitis was diagnosed rather than acute viral encepha-
litis or bacterial or parasitic meningoencepalitis. The MRI
taken three months after onset revealed diffuse subcorti-
cal lesions, with bilateral mild thalamic changes. The EEG
exhibited diffuse stow waves. At necropsy, histologically mi-
.croglial nodules and lymphocyte perivascular cuffing were
found throughout the entire brain.

C g

A g
ﬁﬁﬁf .
b

Figure 3. (A) 25xHE, Microscopic examination revealed cellular
infiltration diffusely throughout the brain. Inflammatory
cell infiltration was alse noted in the leptomeniges,

The cellular infiltrate consisted largely of lymphocytes.

(B) 20HE. A characteristic feature was the presence

of perivascular cuffing. Lymphocytes had infiltrated the
Virchow-Robin spaces in the small vessels. (B—D) 200:<HE.
The microglial cells were seen to form rod cells throughout
the brain. ((~D) Microglial nodules, which consisted of a
coltection of lymphocytes, astrocytes, and hypertrophied
microglial cells, were also seen throughout the brain,

The macrophages in the involved central nerve tissue were
mostly derived hematogenously, rather than having orig-
inated from microglial cells and finally returned to the
blood. Several microglial cells had gathered around and
phagocyte a degenerated neuron, a process which is called
neuronophagia. These microglial cells, astrocytes, or lym-
phocytes joined the surrounding neurons to form microglial
nodules {1,2}. Such micronodules are often noted in flavi-
virus group encephalitides such as JE, West Nile encepha-
litis, and tick-borne encephalitis. They are also found in
Pette-Doring encephalitis, typhus fever, and other Rickettsia
infections [3-6]. In addition, microglial nodules have re-
cently been reported in CMV encephalopathy and crypto-
coccus infections in immunocompromised hosts, such as
those with AIDS [7-10].

At the acute to chronic stage in JE, microglial nodules,
degeneration/necrosis, lymphocyte perivenous infiltra-
tion, and localized round necrosis are observed. The tha-
lamus or substantia nigra is severely involved, and the cer-
ebral cortex, basal ganglia, cerebellum, and brainstem are
also involved [2]. Clinically, extrapyramidal signs such as
tremor or rigidity are often seen with hilateral MRI lesions
in the thalami and basal ganglia [14,15]. Organic person-

CS25

-162 -




Case Study

Med Sci Monit, 2005; 11¢5): CS23-26

ality syndrome may remain as sequela [16]. A diagnosis of
JE in our case could be ruled out because the chronic form
of JE is rare, and the CSF ELISA IgG and IgM antibodies to
the JE virus were negative, although low-serum CF antibod-
ies to the JE virus were observed.

Pette-Doring encephalitis, which was first described in
Germany in 1939, is regarded as pathologically similar to
JE 12,17]: pathologically mild thalamic lesions have been
found in this disease, although, unlike in JE, the basal gan-
glia or substantia nigra are not involved. The subacute on-
set, mild CSF pleocytosis, and diffuse panencephalitis closely
resembled that found in our case; however, the etiology of
Pette-Doring encephalitis has not been identified, and no
clinical cases have been reported except in Germany.

Several tick-borne encephalitides such as Central European
encephalitis (CEE) or Russian Spring-Summer encephalitis
(RSSE) in Europe and the USSR have been reported, but
these exhibit predominantly gray matter lesions. These tick-
borne encephalitides may sometimes produce subacute or
chronic encephalitic forms [3,18]. In addition, West Nile
encephalitis has spread throughout the entire U.S. [19],
and an outbreak might occur in Japan. However, these fla-
vivirus group encephalitides can be differentiated based on
the negativity of the anti-flavivirus antibody.

With regards to other possible encephalitides presenting with
microglial nodules, typhus fever or Rickettsial diseases such as
Tsutsugamushi disease could be ruled out based on the lack of
characteristic skin symptoms or gastrointestinal symptoms.

In CMV encephalitis, microglial nodule ventriculitis, focal
parenchymal necrosis, isolated cytomegalic cells, leptomen-
ingitis, a change of endothelial cells, and demyelinization
have been described [7,8,20]. During the course of the dis-
ease course in our patient, PCR revealed CMV-DNA in the
sputum, suggesting that the patient had CMV pneumonia.
In addition, the case was complicated by retinitis. However,
CMV encephalitis exhibits cytomegalic inclusion bodies in
the brain. Another possible cause of microglial nodules in
the immunocompromised host is cryptococcus neoformans
encephalopathy, in which microglial nodules are usually
seen in the basal ganglia or brainstem, with multinucleate
giant cells in cases of HIV encephalopathy [10].

CONCLUSIONS

The present case was characterized by chronic encephalitis
with a prolonged mild pleocytosis, MRI thalamic lesions, and
diffuse microglial nodules in the entire brain at necropsy.
The CSF findings, including elevated IL-6 and IFN-y, strong-
ly suggested viral encephalitis. However, the causative virus
was not identified despite intensive PCR and serological tests,
Flavivirus group encephalitides, or CMV encephalitis in an
immunoccompromised host, were discussed as possible dif-
ferential diseases. We have rarely encountered clinical cas-
es of subacute or chronic unknown encephalitis probably
with a viral origin, or similar cases which exhibited MRI or
EEG abnormalities (Monzen T. unpublished data, the 9"

Japanese Neuroinfectious Congress, Hirosaki, 2004.10). Our
case may help to shed some light on the causes of chronic
unknown viral encephalitis.
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Abstract

Serial study using MR imaging and 'H-MR spectroscopy (‘H-MRS) of unidentified bright objects (UBO) in a 9-year-old boy with
neurofibromatosis type 1 (NF1) is described. UBO was indicated in the left globus pallidum at 3 years old, then appeared in the right globus
pallidun at 5 years old along with left hemiconvulsion. These UBO gradually disappeared over several years. On 'H-MRS, the ratios of
N-acetylaspartate (NAA)/creatine and that of choline/creatine were each mildly reduced in the UBO. These ratios improved in parallel with
disappearance of the UBQ. In addition, elevation of the lactate/lipid peak was shown in UBO during the early stage, however, it disappeared
in the latter. The longitudinal follow-up using MR image and "H-MRS was useful for metabolic evaluation of UBO in patients with NF{.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Unidentified bright objects; Neurofibromatosis; MR image; MR spectroscopy; N-acetylaspartate; Choline; Lactate

1. Introduction

Neurofibromatosis type 1 (NF1), also known as von
Recklinghausen disease, is a neurocutaneous syndrome.
Patients with NF1 demonstrate an increased frequency of
central nervous system abnormalities including gliomas of
the optic pathways and brain. Unidentified bright objects
(UBO), which is one type of central nervous system
abnormality in NF1, have been shown as regions of T2
prolongation in characteristic brain sites in children with
NF1. Globus pallidum, brainstem, thalamus, hypothalamus,
cerebellum, and subcortical white matter are the most
commonly involved sites of UBO [1-3]. The pathogenesis is
not known but these findings are usually considered a
benign process that may represent increased fluid within the
myelin associated with hyperplastic or dysplastic glial
proliferation [4]. We present a case of NF1 complicated by
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UBO in the bilateral globus pallidum. We discuss the
association between the clinical course and the metabolic
changes in UBO demonstrated in this patient using, serial
MR imaging and 'H-MR spectroscopy ('H-MRS).

2. Case report

The child showed several cafe-au-lait spots of the skin,
two Lisch nodules, and defect of the right temporal skull
bone. Therefore, he was diagnosed as having NF1 at 3 years
old. Serial MR images and MR spectroscopy of the brain
was performed. MR image showed T2-prolongation in the
left globus pallidum, which showed isointensity and lack of
enhancement on T1-weighted image at 3 years old. There-
fore, the lesion was diagnosed as UBO. He developed left
hemiconvulsion at 6 years old. MR image demonstrated
T2-prolongation, which was UBO, also in the right globus
pallidum at this time. Electroencephalogram (EEG) showed
paroxysmal sharp wave in the right occipital area, therefore,
he was diagnosed as having partial epilepsy and adminis-
tered carbamazepine. Seizures disappeared under this
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Fig. 1. Serial MRI (TR =3000 ms; TE=105 ms for T2-weighted images) of the

patient, obtained at 3(a), 6(b), 8(c), and 9(d) years old, respectively. MR

images demonstrated a high intensity spot (UBO) in the left globus pallidum at 3 years old, and that in the bilateral globus pallidum at 6 years old (a, b). The

UBO gradually disappeared in the left globus pallidum at 8 years old, and in the

treatment. MR image indicated lower T2-prolongation in
the left globus pallidum at 8 years old compared to findings
at than both 3 and 5 years oid. Currently, the patient is nine
years old, and MR imaging shows isointensity in the left
globus pallidum on T2-weighted images, as well as lower
T2-prolongation in the right globus pallidum (Figure 1).
Serial 'H-MR spectroscopy (*H-MRS) was performed in
this patient both at 8 and 9 years old. Localization of a 15X
15X 15 mm?® region of interest (ROI) was achieved using
short TE (30 ms) point-resolved spectroscopy (PRESS)
sequences. Proton MR spectra from different ROls were
acquired within measuring times of 5 min each (TR
2000 ms, 128 accumulations). IH.MRS demonstrated a
low NAA/creatine (Cr) ratio in the bilateral globus pallidum
(1.34 at the right, and 1.42 at the left; normal at 5-15 years,
1.80+0.17) and low choline (Cho)/Cr ratio in the same
region (0.60 at the right and 0.61 at the left; normal at 5-15

right globus pallidum, at 9 years old (c, d).

years, 0.89+0.12) at 8 years old [5,6]. At 9 years old, the
ratios of NAA/Cr and Cho/Cr in the left globus pallidum
were normalized to 1.85 and 0.83, respectively, but those of
NAA/Cr and Cho/Cr in the right globus pallidum remained
mildly decreased at 1.66 and 0.65, respectively, (Figure 2,
Table 1). A lactate/lipid peak was shown at 1.0 ppm with
chemical shift on "H-MRS in the right globus pallidum at 8
years old, but this finding had disappeared at nine years old
(Figure 2).

3. Discussion
Unidentified bright objects (UBO) are observed on MR
imaging in 43-93% of children with neurofibromatosis type

1 (NF1) [1-4]. Clinical and pathological significance of
UBO remain largely unknown, however, an association
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Fig. 2. Proton MR spectroscopy with short TE (30 ms) localized on the bilateral globus pallidum at 8 (upper panels) and 9 (lower panels) years old in the
patient. That of the right lesion (solid square: A, C), which Jemonstrated T2 elongation on MRL showed a peak of lactate/lipid at 1.0 ppm of the chemical shift
at 8 years old (A), however, that on the left (dotted square: B, D), which demonstrated the disappearance of UBO, did not show a lactate/lipid peak.
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