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Figure 6 Correlation of immunolabeled LM and EM images of Pick-like inclusions in two CBD cases. A densely packed round inclusion
(Pick-like inclusion) from a CBD case (case 3) labeled with anti-PHF antibody (AT8) visualized with QD 655, also labeled with Alexa 488 for more
precise confocal images (A). Correlated LM and EM images (B, €} showed that tau immunoreactivity around the cavity on LM corresponded to
bundles of tau filaments that were not arranged as parallely as in AD (C, rectangle d; D). Note that these filaments were intermingled with ribosomes
(D, arrow). (E) The ultrastructure of Pick-like inclusions in another case of CBD (case 4) also revealed randomly assembled tau filaments with occasional
formation of paired helical filaments (a periodicity of 130 nm, arrow). Scale bars in A to C =3 um; D = 50 nm; E = 100 nm. A to D, case 3; E, case 4.

Table 2 Similarities and differences between AD-pretangle and CBD-pretangle

AD CBD
Pretanle NFT Pretangle Pick like inclusion
LM findings Morphology Granular Fibrillary Reticular Round, frequent vacuoles
(confocal images) Perinuclear accentuation Occiasional Occasional None None
Size of neurons involved Small- to large- sized Small- to large- sized Medium- to large-sized  Small-sized
EM findings Density of tau filaments  Very sparse*1 Very dense*2 Sparse Dense
Arrangement of tau Irregular/regular Regular (NFT formation)  Irregular Irregular
filaments (focal NFT formation*3)
Diameter of straight About 15 nm About 15 nm 14-20 nm About 15 nm
filaments
PHF (a periodicity) Occasional (about 80 nm) Freqguent (about 80 nm) None Occasional (130-180 nm)

IHC, immunohistochemistry; LM, light microscopy; EM, electron microscopy; PHF, paired helical filaments; *1, Density of straight tau filament is more sparse in
AD-pretangles than in CBD-pretangles; *2, Density of tau filaments is more dense in AD-NFT than in Pick-like inclusions of CBD; *3, NFT, neurofibrillary tangle
signifying a regularly and tightly arranged bundle of straight or paired helical filaments.
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to label the entire thickness of floating sections with
QDs so that each tau filament was sufficiently labeled
(Figures 3 and 4). Consequently, confocal images and
immunoEM images could be tightly correlated.

Other disadvantages of QDs are that they have a lower
electron density and less distinct contours than colloidal
gold for immunolabeling. We previously used EDX spot
analysis with STEM to demonstrate the presence of Se
and Cd on a pixel basis [19]. This EDX spot analysis,
now extended to map the entire EM field, resulted in
clear visualization of the position and form of each QD
particle. When the corresponding EM image was overlaid,
QDs could be readily differentiated from the grayscale
cellular backgrounds (e.g., ribosomes) (Figure 2). Simi-
lar elemental mapping of Cd has been reported using
electron energy loss spectrography (EELS) to detect
QDs in ultrathin EM samples [35]. However, compared
with EELS, EDX is more suitable for the detection of
heavy metals, such as Cd or Se [19,36]. Moreover, be-
cause EELS is performed without electron staining, it is
difficult to gain sufficient contrast in EM images [35].
Therefore, combined with pre-embedding Q-dot immu-
noEM and EDX mapping, the use of QDs is one of the
most sensitive and distinct ultrastructural immunola-
beling techniques available and might be particularly
suitable for the correlation of LM/EM images.

Conclusions

Accurate identification of pretangles on LM, followed by
EM examination of their exact counterpart was achieved
through tau immunolabeling with QD, fluorescent nano-
crystals, which are detectable with LM (fluorescence signal)
and with EM (electron dense particles with halo). EDX
spot analysis to confirm the identity of QD on EM section
by showing energy peaks for Cd and Se is now extended to
map the entire EM field to highlight QD particles. This im-
proved method with EDX mapping clearly demonstrated
for the first time that AD-pretangles showed a strong ten-
dency to form fibrillary tangles even at an early stage,
whereas pretangles or Pick-like inclusions in tissue from
patients with CBD did not even at an advanced stage. This
novel strategy is useful to clarify how molecules other than
tau are organized into ultrastructures in the early stages of
disease-specific lesions.
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Abstract

Hereditary diffuse leukoencephalopathy with spheroids (HDLS)
is a familial neurodegenerative disease clinically characterized by
progressive cognitive and motor dysfunction. Mutations in the
colony-stimulating factor 1 receptor (CSFIR) gene have recently
been identified in HDLS patients. The presence of diffuse axonal
spheroids, myelin loss, and pigmented microglia in the white matter are
pathologic hallmarks of HDLS; however, early pathologic findings
have not been described in HDLS patients. We report a Japanese family
with HDLS. A novel heterozygous ¢.653 C>Y mutation in the CSFIR
gene was identified in the female proband who died at the age of
63 years; postmortem findings were compatible with HDLS. We
also autopsied her sister who was considered to be neurologically
asymptomatic and died of tuberculosis at the age of 44 years. Post-
mortem studies revealed patchy axonal degeneration and myelin loss,
predominantly in the subcortical white matter. Pigmented microglia
were distributed diffusely throughout the cercbral white matter and
expressed CSFIR poorly. In conclusion, our observations suggest that
the pathology of HDLS may initially be characterized by multifocal
lesions in subcortical white matter regions. Moreover, pigmented
microglia poorly express CSF1R and are distributed diffusely throughout
the white matter at the early disease stage, preceding axonal damage
and myelin loss.

Key Words: Autopsy, Axonal spheroids, CSFIR gene, Hereditary
diffuse leukoencephalopathy with spheroids, Leukoencephalopathy,
MRI, Pigmentary leukodystrophy.

INTRODUCTION
Hereditary diffuse leukoencephalopathy with spheroids
(HDLS) is a familial neurodegenerative disease that causes
progressive cognitive and motor dysfunction (1,2). The onset
of neurologic manifestations in the fourth or fifth decade,
progressing to dementia and then death within a decade, is
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typical of HDLS (2-4). The core manifestations of HDLS are
behavioral changes, depression, dementia, motor impairment,
and epilepsy (2-5). In 2012, mutations of the colony-stimulating
factor 1 receptor (CSFIR) gene were reported to be causative of
HDLS (6). Neuropathologically, HDLS is characterized by dif-
fuse loss of myelin and the presence of axonal spheroids and
pigmented microglia throughout the white matter of the brain
(4,5). However, the early pathologic changes in HDLS have
remained unclear because patients have usually been autopsied
at advanced stages of the disease. Thus, the pathologic processes
contributing to the formation of the observed white matter
lesions are unknown.

Here, we report a Japanese family with HDLS, among
whom 2 patients were autopsied. The female proband expe-
rienced a disorder that was clinically and genetically consis-
tent with HDLS, survived for 16 years after disease onset, and
was autopsied after her death at the age of 63 years. We also
autopsied her sister who had been considered to be neuro-
logically asymptomatic and who incidentally died of tuber-
culosis. Intriguingly, postmortem examination of this sibling
revealed pathologic changes observed in HDLS. We discuss
early and late-stage pathologic characteristics of HDLS based
on comparative observations of these 2 patients.

MATERIALS AND METHODS

Clinical and Genetic Studies

Written informed consent was obtained from family
members to archive tissues for clinical, genetic, and pathologic
analyses. Standard neurologic examinations, Mini-Mental State
Examinations, neuroimaging, and family history collection were
performed by neurologic experts at Nagoya Daiichi Red Cross
Hospital. Analyses of the CSFIR gene were performed using
frozen brain tissue. We previously reported the methods and
results of genetic analyses of this kindred (7).

Neuropathologic Evaluations

The brains and spinal cords were fixed in 20% neutral
buffered formalin. Samples obtained from several regions of
the brain and spinal cord were embedded in paraffin; sec-
tioned at a thickness of 4.5 um; mounted on slides; and
stained with hematoxylin and eosin, Kliiver-Barrera, Holzer,
toluidine blue, and periodic acid Schiff stains. Von-Kossa stain-
ing was also performed to detect tissue calcification. Immu-
nohistochemical studies were performed on 4.5-pm-thick
sections using ENVISION kits (Dako, Glostrup, Denmark)
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with diaminobenzidine ({[DAB] Wako, Osaka, Japan) as a brown
chromogen. The primary antibodies used were anti-ubiquitin (poly-
clonal rabbit, 1:2000; Dako), anti-CSFIR (polyclonal rabbit, 1:200;
Santa Cruz Biotechnology, Dallas, TX), anti-B-amyloid pep-
tide (6 F/3D, monoclonal mouse, 1:200; Dako), phosphorylat-
ed tau ([p-tau] AT8, monoclonal mouse, 1:2000; Innogenetics,
Zwijndrecht, Belgium), anti-neurofilament (2 F11, monoclonal
mouse, 1:600; Dako), anti-SMI31 (monoclonal mouse, 1:1000;
Covance, San Diego, CA), and anti-amyloid protein precursor
(polyclonal rabbit, 1:1000; StressGen, San Diego, CA). Anti-CD68
(immunohistochemistry: monoclonal mouse, 1:200; Dako; im-
munoblot: polyclonal rabbit, 1:1000; Santa Cruz Biotechnology)
and anti-Ibal (immunochistochemistry: polyclonal rabbit, 1:1000;
‘Wako) were used as microglial markers. To compare the distribu-
tions of pigmented microglia and axonal spheroids, double-
staining immunohistochemistry was used to visualize CD68
and neurofilaments using DAB and the VIP Peroxidase Sub-
strate Kit (SK-4600; Vector Laboratories, Burlingame, CA) as
brown and violet chromogens, respectively. For electron micro-
scopy, cerebral white matter sections were fixed in 4% glutaral-
dehyde. The sections were washed in phosphate buffer, postfixed
with osmium tetroxide, dehydrated in ethanol, and embedded
in Epon. Ultrathin sections were stained with uranyl acetate and
lead citrate and examined by electron microscopy.

Analysis of CSF1R Protein Expression
on Microglia

Recently, a perturbation of CSF 1R signaling by a dominant-
negative mechanism has been reported to play a role in the path-
ogenesis of HDLS (8). We analyzed CSF1R protein expression
on pigmented microglia by examining CD68 and CSFIR by
double immunofluorescence and Western blot. Control tissue
for double immunofluorescence studies was prepared from
the brain of a 65-year-old man with Binswanger disease; this
control was chosen because microglia are abundant in the
white matter of Binswanger disease patients but would be too
sparse in normal brains to evaluate by immunohistochemistry.
Cerebral white matter sections, 4.5-pum thick, were incubated
in a mixture of anti-CD68 (1:100) and anti-CSFIR (1:100)
antibodies for 3 hours after antigen retrieval accomplished
using trypsin. The sections were then labeled with secondary
antibodies against mouse IgG (Alexa Fluor 488; Molecular
Probes, Carlsbad, CA) and rabbit IgG (Alexa Fluor 565;
Molecular Probes) for 2 hours.

Western Blot

To confirm our immunohistochemical results, we also
examined CD68 and CSFIR by Western blot using tissue from
the proband; frozen tissues were available only from this indi-
vidual. Proteins from the frontal cortex of the patient and a
control subject were extracted and fractionated as previously
described (8). Detergent-extracted lysates were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis
followed by immunoblotting. A rabbit polyclonal antibody
against CD68 (1:1000) was used as a microglial marker. A
polyclonal anti-CSF1R antibody (1:1000) was used to detect
CSFIR. To study CSFIR expression relative to CD68
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expression, we adjusted sample volumes on the basis of the
CD68 band signal strength and reperformed a Western blot.

RESULTS

Clinical History

Proband (Patient I1-1)

The proband had been healthy and normally intelligent
until the age of 48 years, at which time she began to exhibit
forgetfulness about recent events and to have difficulty under-
standing daily conversation and calculations; she then had to
quit her job. She bought the same items repeatedly and was not
able to insert train tickets into a ticket machine in the proper
direction. At the age of 49 years, she was admitted to our hos-
pital after a generalized seizure. After recovering from the
seizure, a neurologic examination revealed severe amnesia,
apathy, aphasia, apraxia, and spastic tetraplegia predominantly
in the right limbs. The patient’s Mini-Mental State Examina-
tions score was 0/30 points because she was only able to say the
words “‘yes” or “‘no.”” T2-weighted magnetic resonance imag-
ing (MRI) imaging (T2WT) showed multiple hyperintense lesions
in the cerebral white matter (Fig. 1A). Tc99m-ECD single-
photon emission computed tomography revealed hypoperfusion
in the frontal and parietal lobes, but perfusion of the basal
ganglia and the cerebellum was relatively spared. Diffuse theta
waves over the cerebrum were observed on an electroenceph-
alogram. Analyses of the patient’s blood and cerebrospinal fluid
revealed no abnormalities. Thereafter, her neuropsychiatric
and neurologic symptoms rapidly progressed, and her epi-
leptic seizures became refractory. At the age of 50 years, she
was completely bedridden because of spastic tetraplegia. At
the age of 56 years, MRI revealed diffuse and severe atrophy
in the white matter, with marked dilatation of the lateral and
third ventricles (Fig. 1B). Marked and diffuse hypoperfusion
of the cerebral cortices were observed by Tc99m-ECD-single-
photon emission computed tomography. The patient died of
aspiration pneumonia at the age of 63 years. We autopsied the
patient after obtaining informed consent from her family mem-
bers. Genetic analysis was performed using frozen brain tissue
obtained at autopsy; sequence analysis of the patient’s polymer-
ase chain reaction—amplified DNA revealed a novel heterozy-
gous ¢.653 C>Y mutation in the CSFIR gene (7).

Sibling I1-2

The proband’s sister presented with gradual apathy,
depression, and repetitive behavior at the age of 42 years. At
the age of 43 years, a neurologic examination revealed marked
apathy, moderate amnesia, and aphasia. Her Mini-Mental State
Examinations score was 17/30. An electroencephalogram
revealed diffuse theta waves over the cerebrum. An MRI scan
showed mild ventricular dilatation with T2WI-hyperintense
lesions in the deep cerebral white matter indicative of HDLS
(Fig. 1C). She gradually became bedridden because of spas-
ticity and weakness of the limbs and died of bronchopneumo-
nia at the age of 47 years. An autopsy was not performed.

Sibling 11-3

At the age of 44 years, another sister of the proband was
admitted to our hospital because of miliary tuberculosis. Before

© 2014 American Association of Neuropathologists, Inc.
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FIGURE 1. Magnetic resonance imaging and simplified pedigree of the present kindred. (A) T2-weighted images (T2-WI) of Patient
11 (proband) at the age of 49 years showed asymmetric and multiple high-intensity areas (HIAs) in the frontal white matter. (B) At
the age of 56 years, her cerebral white matter showed marked atrophy and diffuse symmetric T2-HIAs with dilatation of the lateral
and third ventricles. (€) T2-WI of Sibling lI-2 at the age of 43 years showed mild ventricular dilatation with hyperintense lesions in
the deep cerebral white matter. (D) Simplified pedigree. Patient ll-1 was the proband (arrows); Sibling 1-2 was also clinically
affected. Siblings 11-3 and 1i-4 were considered to be neurologically asymptomatic. Generations are numbered with Roman nu-
merals and individuals with Arabic numerals. Circles represent females and squares represent males. Solid symbols indicate clinically
affected family members; half-solid symbols indicate family members who were likely affected. Slashes indicate dead family
members; stars indicate individuals whose brains were autopsied.

admission, she had been doing well as a housewife, although
chronic fatigue had set in 3 months before and had become
persistent. On admission, she was suffering from severe dys-
pnea and fatigue. Neurologic examinations did not reveal
dementia, weakness, pyramidal signs, extrapyramidal signs,
or ataxia. She received antibiotic therapy but died of respiratory
failure 3 weeks after admission. After obtaining informed con-
sent from her family members, an autopsy was performed.

Other Family Members

According to the patients’ family members, the patients’
father and his sister had both suffered from rapidly progres-
sive dementia with an onset in the fourth decade and had died
in their fifth and fourth decades, respectively. The pedigree of
the patients’ kindred is summarized in Figure 1D.

Neuropathologic Findings
Postmortem tissues from the proband (Patient II-1) and
Sibling II-3 were examined.

Proband (Patient 11-1)
The brain weighed 885 g. Grossly, the cerebral white

matter was severely atrophied and the lateral ventricles were

© 2014 American Association of Neuropathologists, Inc.

markedly dilated. On sections, the cerebral white matter (Fig. 2A),
the pyramidal tract in the medulla oblongata, and the lateral
columns of the spinal cord appeared gelatinous. Kliiver-
Barrera staining revealed diffuse marked loss of myelin in
the cerebral white matter (Fig. 2B) and the corticospinal tracts.
The U-fibers were affected severely but partially spared. Holzer
staining revealed diffuse gliosis in the white matter (Fig. 2C).
The cerebellar white matter showed milder myelin loss versus
the cerebrum and the corticospinal tracts. The cerebellar myelin
loss was prominent in the folial white matter of the hemisphere,
the ventral deep white matter, the hilum of the dentate nucleus,
and the middle cerebellar peduncle but sparse in the cerebellar
vermis and the superior cerebellar peduncle. On microscopic
examination, the white matter of the brain and spinal cord
showed loss of axon and myelin, axonal spheroids, and pe-
riodic acid Schiff-positive pigmented microglia (Fig. 2D, E).
The axonal spheroids and pigmented microglia were most
abundant in the cerebellum but rather sparse in severely
damaged regions, including the frontal and parietal lobes.
Calcification was often observed in the white matter and was
prominent in the periventricular region. Calcification was
abundant in strongly affected white matter regions but was
found only rarely in vascular walls, gray matter, or mildly
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FIGURE 2. Postmortem observations of the proband. (A) A coronal section of the frontal lobe shows gelatinous degeneration of the
white matter. (B) Myelin pallor and the destruction of the white matter were marked. The U-fibers were also depleted but partially
spared. (€) Holzer staining revealed diffuse gliosis in the white matter. (D) The cerebellar white matter contained pigmented
microglia (arrows) and axonal spheroids (asterisks). (E) A pigmented microglial cell was positive for periodic acid Schiff (PAS)
staining. (F) Calcification was often observed within the white matter (inset shows von-Kossa staining). (G-I) The axonal spheroids
were positive for SMI 31 (G), amyloid protein precursor (H), and ubiquitin (I) by immunohistochemistry. (J) On electron mi-
croscopy, axonal spheroids were found to contain peripheral bundles of neurofilaments (arrows) surrounding mitochondria and
unspecified electron-dense material. Scale bars = (A-C) 1 cm; (D, F-1) 50 pm; (E) 10 wm; (J) 2 pm. Original magnification: (A-C)
1x; (D, F-1) 200x; (E) 1,000x; (J) 6,000x. (B) Kllver-Barrera; (C) Holzer; (D, F) hematoxylin and eosin; (E) PAS (inset in F) von-
Kossa; (G) anti-SMI 31; (H) anti-amyloid protein precursor; (I) anti-ubiquitin immunostaining.

affected white matter regions (Fig. 2F). The axonal spheroids surrounding the periphery of each dystrophic axon, which
were 20 to 50 pm in diameter and stained for SMI 31 (Fig. 2G), contained mitochondria and nonspecific electron-dense in-
amyloid protein precursor (Fig. 2H), and ubiquitin (Fig. 2I) clusions (Fig. 2J). Neuronal loss was not obvious in the cerebral
by immunohistochemistry. Electron microscopic examination  cortices, basal ganglia, and spinal cord. In the brainstem, the
of the axonal spheroids revealed a neurofilament bundle  substantia nigra showed mild extraneuronal melanin. The red

1186 © 2014 American Association of Neuropathologists, Inc.
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FIGURE 3. Postmortem observations of Sibling II-3. (A) Brownish discoloration was observed predominantly in the subcortical
white matter (arrows). (B, €) Focal myelin pallor and gliosis were observed in the subcortical white matter (square in B and arrows
in ©). (D) Microscopically, the subcortical white matter exhibited band-shaped patterns of demyelination. (E, F) Axonal spheroids
within subcortical regions of cerebral white matter (E, arrows) and adjacent deep cortical layers (F, arrows) are shown. (G) White
matter also contained pigmented microglia. (H, 1) Double immunohistochemical staining for CD68 (brown) and neurofilaments
(dark violet) of the frontal white matter shows that CD68-positive microglia were more abundant in normal-appearing white matter
(1, corresponding to the circled region in B) than in lesions with axonal degeneration (H, corresponding to the squared region in B).
Scale bars = (A-C) 1 cm; (D) 500 pm; (E, F, H, 1) 50 um; (G) 10 pm. Original magnification = (A-C) 1x; (D) 40x; (E, H, I)
200x; (F) 400x; (G) 1,000. (B, €) Kluver-Barrera staining; (D) Holzer staining; (E-G) hematoxylin and eosin staining; (H, )
double immunohistochemistry examining both CD68 and neurofilaments.

nucleus, the pontine nuclei, the reticular formation, the inferior ~ facial, and hypoglossal nerves appeared normal. The Purkinje
olivary nucleus, and the dorsal column nuclei showed only mild cells and the granule cells of the cerebellar hemisphere and

gliosis. Other gray matter of the brainstem including the peri-  the vermis were spared, although the dentate nucleus showed
aqueductal gray matter, the locus coeruleus, the raphe nuclei, the ~ mild gliosis. In addition, AT-8 immunohistochemistry revealed
dorsal nucleus of vagus, and the motor nuclei of the oculomotor,  that the transentorhinal cortex and the hippocampus contained
© 2014 American Association of Neuropathologists, Inc. 1187
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several neurofibrillary tangles, corresponding to Braak stage 11
(9). No metachromatic material was present on staining with
toluidine blue.

Sibling 11-3

The brain weighed 1,330 g. The gross appearance of
the brain surface appeared normal, but coronal sections of the
cerebrum revealed multiple, band-shaped, brownish discolor-
ations in the subcortical white matter of the frontal, temporal,
and parietal lobes (Fig. 3A). Subcortical white matter showed
focal myelin loss and gliosis with Kliiver-Barrera and Holzer
staining, respectively (Fig. 3B—D). Microscopic observation re-
vealed pigmented microglia, axonal spheroids, and myelin loss

predominantly in the frontal and parietal lobes (Fig. 3E-G).
The axonal spheroids were multifocally distributed in subcor-
tical regions of the cerebral white matter and adjacent deep
cortical layers; however, pigmented microglia were spread rel-
atively evenly throughout the white matter. Double immuno-
histochemistry for CD68 and neurofilament revealed that the
burden of CD68-positive microglia was greater in normal-looking
white matter rather than in white matter regions exhibiting
axonal loss and spheroids (Fig. 3H, I). Neurons of the cerebral
cortex, the basal ganglia, the gray matter in the brainstem, and
the cerebellar cortex and dentate nucleus were generally pre-
served. Calcification was rarely observed in subcortical white
matter. No additional pathologic changes were observed in the

FIGURE 4. The distributions of axonal spheroids in Patients II-1 and II-3. (A) In Patient Il-1, the axonal spheroids were diffusely
distributed throughout the cerebral white matter. The axonal spheroids were sparse in highly affected regions. (B) In Patient II-3,
myelin loss and axonal spheroids were observed focally and discontinuously, predominantly in the subcortical regions and adjacent
deep cortical layers. Each red dot corresponds to a cluster of approximately 5 axonal spheroids. Kliiver-Barrera staining. Scale bar =

1 cm. Original magnification: 1x.
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brain. The distributions of axonal spheroids in Patients -1 and
I1-3 are shown in Figure 4.

Analysis of CSF1R Protein Expression
on Microglia

Double immunofluorescence for CD68 and CSFIR in
Patient 1I-1 and Sibling 1I-3 demonstrated that CSFIR was
expressed at lower levels in the patients” CD68-positive microglia
than in control (Fig. 5A). Western blot analysis of CSFIR
expression revealed approximately 130- and 160-kDa bands
corresponding to monomeric CSFIR in control samples. In
contrast, the 130- and 160-kDa CSFIR bands were less de-
tectable in the samples from patient II-1; nevertheless, CD68
(~52-76 kDa) was detected at similar levels in both patient
and control samples (Fig. 5B).

DISCUSSION

We have investigated a Japanese family with HDLS.
The proband and one of her sisters presented with progressive
neurologic deficits including amnesia, apathy, apraxia, epi-
leptic seizures, and spastic paralysis, which were consistent
with previous descriptions of HDLS (2,5,10). In contrast,
another sister was considered to be neurologically asymp-
tomatic before death but exhibited pathologic changes observed
with HDLS. The present kindred exhibited apparent autosomal

A CD-68

CSF-1R

Sibling 1I-3  Patient [I-1

Control

dominant inheritance of the disorder. Hereditary diffuse leuko-
encephalopathy with spheroids is usually an autosomal domi-
nant disorder, although several sporadic patients who presented
with leukoencephalopathy with axonal spheroids and pigmented
microglia have been reported (11,12).

Importantly, the patient who was considered to be neu-
rologically asymptomatic exhibited mild but definite white mat-
ter involvement (3,5,13,14). Multifocal axonal spheroids and
myelin loss, associated with a brown discolored appearance,
were observed in the white matter and were prominent in sub-
cortical regions and in the adjacent deep layers of the cerebral
cortices. A recent MRI observation at an carly stage of disease
revealed multiple asymmetric and multiple T2WI areas of high
intensity in the cerebral white matter, suggesting that there
may initially be multifocal and patchy white matter lesions and
that these lesions may then become confluent as the disease
progresses (3,4,15). Another study reported that on diffusion-
weighted MRI, high signal bands with low apparent diffusion
coeflicients were observed in subcortical white matter regions
in the early phases of the disecase (16). These neuroimaging
findings are consistent with the distributions of white matter
discoloration, axonal spheroids, and myelin loss that we
observed in this asymptomatic patient.

White matter calcification has recently been described in
HDLS patients (8). In agreement with that finding, we observed
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FIGURE 5. CSF1R expression on microglia. Double immunofluorescence examining CD68 (green) and CSF1R (red) reveals that CSF1R
was less detectable on the patients’ CD68-positive microglia in white matter versus control tissues. Control tissue was from a 65-year-
old man with Binswanger disease. Nuclei were stained with 4’,6-diamidino-2-phenylindole, dihydrochloride. Scale bar = 25 pm.
Original magnification: 400x. (B) Immunoblots showing CD68 and CSF1R. Approximately 130- and 160-kDa CSF1R bands were
detected in the control sample and are undetectable in Patient lI-1 sample. CD68 (~52-76 kDa) was detected similarly in both the

patient and in the control samples.
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