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SUMMARY
The authors review the clinical, radiological, electrophysiological, pathological, and molec-
ular aspects of Nasu–Hakola disease (polycystic lipomembranous osteodysplasia with scle-
rosing leukoencephalopathy or PLOSL). Nasu-Hakola disease is a unique disease charac-
terized by multiple bone cysts associated with a peculiar form of neurodegeneration that
leads to dementia and precocious death usually during the fifth decade of life. The diagno-
sis can be established on the basis of clinical and radiological findings. Recently, molecular
analysis of affected families revealed mutations in the DAP12 (TYROBP) or TREM2 genes,
providing an interesting example how mutations in two different subunits of a multi-subunit
receptor complex result in an identical human disease phenotype. The association of PLOSL
with mutations in the DAP12 or TREM2 genes has led to improved diagnosis of affected
individuals. Also, the possible roles of the DAP12/TREM2 signaling pathway in microglia
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and osteoclasts in humans are just beginning to be elucidated. Some aspects of this peculiar
signaling pathway are discussed here.

KEY WORDS: frontal dementia; frontotemporal dementia; microglia; osteoclasts;
KARAP; DAP12; TYROBP; TREM2.

INTRODUCTION

Dementia associated with bone cyst-like lesions was first described independently in
Finland and Japan during the sixties and later became known worldwide as Nasu–
Hakola disease (Hakola, 1972; Nasu et al., 1973; Verloes et al., 1997).

Following a general tendency to name diseases according to their major clini-
cal findings, Nasu–Hakola disease is becoming popular under the name of polycys-
tic lipomembranous osteodysplasia with sclerosing leukoencephalopathy or simply
PLOSL (MIM221770). PLOSL is a recessively inherited systemic disease charac-
terized by multiple bone cyst-like lesions associated with progressive and severe
leukoencephalopathy that leads to severe neurological alterations (Akai et al., 1977;
Hakola and Puranen, 1993; Harada, 1975; Nasu et al., 1973; Paloneva et al., 2000,
2001). The first patients and most later cases were described in Finland and Japan
(Hakola and Puranen, 1993; Nasu et al., 1973). However, the disease is distri-
buted worldwide and other occurrences were reported in countries like Norway
(Pekkarinen et al., 1998; Tranebjaerg et al., 2000), Turkey (Kocer et al., 1994), the
United States of America (Bird et al., 1983; Sami et al., 2002), Italy (Pazzaglia et al.,
1987), South Africa (Stubgen and Lotz, 1992), France (Machinami, 2001), Germany
(Schafer et al., 2002), and Brazil (Paloneva et al., 2002). Patients with PLOSL usually
die during the fifth decade of life.

Recently, a similar PLOSL phenotype was associated with different mutations
in the DAP12 (also known as TYROBP) gene or in the TREM2 gene, demonstrat-
ing the genetic heterogeneity of this disease (Paloneva et al., 2002). The association
of Nasu–Hakola disease with mutations in genes DAP12 and TREM2 has opened
new possibilities for the understanding of the mechanisms of disease in PLOSL. The
molecular, biochemical, physiological, and immunological consequences of these
mutations are just beginning to be elucidated. Considering the very complex interac-
tions of different components of the immune system, detailed clinical observations
in individual PLOSL-affected patients offer a unique opportunity to infer about the
importance of normal function of DAP12 and TREM2 in humans in vivo.

In this paper we review the clinical, radiological, electrophysiological, anath-
omopathological, and molecular aspects of Nasu–Hakola disease. We also discuss
possible mechanisms that could be associated with brain and bone damage in these
patients.

CLINICAL ASPECTS

In spite of some overlap and variations, the clinical course of PLOSL can be
divided into four different stages: 1) latent, 2) osseous, 3) early neurological, and 4)
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Fig. 1. Schematic representation of the clinical course of PLOSL, which can be divided into four different
stages: latent, osseous, early neurological, and late neurological.

late neurological (Fig. 1) (Hakola, 1972; Paloneva et al., 2001).

1. Latent stage. This stage corresponds to the initial clinically silent period. The
development of the individuals and early adult life are unremarkable.

2. Osseous stage. The first clinical manifestations of PLOSL become evident
during the second or third decade of life. This is usually reported as the
osseous stage. At about this time, most patients start to present pain and
mild swelling in the ankles and feet. Several years later, usually during the
third decade of life, the patients start to present pathological fractures of
the extremities associated with minimal trauma (Hakola, 1972; Hakola and
Puranen, 1993; Kitajima et al., 1989; Machinami, 2001; Motohashi et al., 1995;
Nasu et al., 1973; Paloneva et al., 2001; Verloes et al., 1997). The patients are
seen by a physician usually in this stage of the disease because of pain and
eventually pathological fractures of the extremities. Radiological exams of
the symptomatic region and bone biopsy are eventually performed, leading to
the diagnosis of Nasu–Hakola disease. A bone biopsy is not essential for the
diagnosis. However, it is eventually performed to exclude bone tumors and
other diagnostic possibilities, considering that in this stage the neurological
alterations are not yet obvious. Also, during this period most patients start
to present insidious symptoms of frontal lobe dysfunction, which are charac-
teristic of the early neurological stage (Hakola, 1972; Hakola and Partanen,
1983; Hakola and Puranen, 1993; Paloneva et al., 2001).

3. The early neurological stage. The first abnormalities of the central nervous
system (CNS) involvement are incipient personality changes that can only
be noticed by relatives and close friends. The behavioral alterations then
become progressively more evident during the next months. The patients
start to present silly and facetious behavior, lack of insight, social inhibi-
tion, and other unrestrained behavior. They are easily distractible and usu-
ally develop inadequate psychic overexcitement. Sometimes they seem to
have a euphoric attitude, seemingly lacking adequate associated emotional
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components. Language alterations are remarkable and include increased
speech velocity and different types and variable degrees of aphasia as well
as other language alterations that usually progress to global aphasia (Hakola
and Partanen, 1983; Hakola and Puranen, 1993; Paloneva et al., 2001). Later
on during the course of the disease, the patients develop other higher corti-
cal dysfunction symptoms like temporal-dependent memory alterations, sen-
sory agnosias, agraphia, acalculia, alexia, and other disturbances (Hakola and
Partanen, 1983; Hakola and Puranen, 1993). The cortical function abnormal-
ities can be better assessed by the use of psychometric tests (Hakola, 1998;
Paloneva et al., 2001). Other neurological alterations observed during this
stage are tremor (Akai et al., 1977), signs of upper motor neuron abnormali-
ties, gait disturbances, and resurgence of primitive reflexes (Malandrini et al.,
1996; Paloneva et al., 2001). In addition, some patients have been reported
to present peripheral neuropathy (Kitajima et al., 1989) and seizures, usually
of the generalized tonic–clonic type, and myoclonic twitches (Amano et al.,
1987; Hakola and Partanen, 1983; Hakola and Puranen, 1993; Malandrini
et al., 1996). Status epilepticus has also been reported (Amano et al., 1987).

4. Late neurological stage. As the disease progresses, the patients evolve to a
state of profound dementia that characterizes the late neurological stage.
During this stage, the patients became bedridden, unable to walk because of
bone pain and the severity of the neurological alterations. They usually die be-
cause of respiratory or urinary infections during the forth or fifth decade of life
(Hakola, 1972; Hakola and Puranen, 1993; Kitajima et al., 1989; Machinami,
2001; Motohashi et al., 1995; Nasu et al., 1973; Paloneva et al., 2001; Verloes
et al., 1997).

ROUTINE LABORATORY EXAMS

There is no report of characteristic abnormalities caused by Nasu–Hakola dis-
ease in routine biochemical analysis of blood, hematological studies, urine analysis,
liver and renal functions. Pituitary, thyroid, parathyroid, adrenal, and sexual hor-
mones are usually normal. Serum cholesterol, triglycerides, phospholipids, free fatty
acids, and lipoproteins are usually within normal ranges. In a few cases, amino acid
analysis was also reported to be normal (Akai et al., 1977; Hakola, 1972; Hakola and
Puranen, 1993; Kitajima et al., 1989; Machinami, 2001; Motohashi et al., 1995; Nasu
et al., 1973; Ohtani et al., 1979; Paloneva et al., 2001; Verloes et al., 1997).

Analysis of cerebrospinal fluid is not necessary in PLOSL. When it was per-
formed, CSF was found to be normal or to show only an increase in protein content
(about 70 mg/dL) (Amano et al., 1987; Hakola and Puranen, 1993; Kitajima et al.,
1989; Tanaka, 1980).

RADIOLOGICAL ASPECTS

Imaging the Bones

Usually, the first radiological investigations performed on patients with Nasu–
Hakola disease are standard radiographic exams. The X-rays are usually ordered as
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an auxiliary exam to investigate pain in the extremities in symptomatic individuals
and can reveal osseous cysts years before the first pathological fractures (Akai et al.,
1977; Hakola, 1972; Harada, 1975; Nasu et al., 1973; Paloneva et al., 2001; Wood,
1978). In patients with PLOSL, X-rays show multiple bone cystic-like lesions that
are mainly found in the extremities of upper and lower limb bones. These lesions
first show reduction of bone trabeculae in the epiphysis and metaphysis and then
progress to form cystic lesions with poorly defined margins and lack of sclerotic
rims (Fig. 2) (Akai et al., 1977; Hakola, 1972; Harada, 1975; Kitajima et al., 1989;
Nasu et al., 1973; Paloneva et al., 2001; Preziuso et al., 1992; Wood, 1978). Involved
areas show increased 99Tc-methylene diphosphonate uptake (Hakola et al., 1988).
The mineral density of cortical bone is decreased (Hakola and Karjalainen, 1975).
The occurrence of osseous alterations predominantly in the extremities of PLOSL
patients is intriguing and remains to be elucidated. A possible role for gravity or
even microtraumas of the extremities involved in the pathogenesis of membranous
lipodystrophy distal osseous alterations was suggested by Ahn et al. (1996). Another
possibility would be a higher bone turnover in these regions when compared to
others. The cystic-like lesions could be the consequence of abnormalities in this
process. Embryological differences in bones formation could possibly be a bet-
ter explanation for the cyst-like lesions observed preferentially in the bones of
limbs in Nasu-Hakola disease; in fact, the bone of limbs are formed by endochon-
dral calcifications while other bones are mainly formed by intramembranous
ossification.

A CT-scan or even magnetic resonance of the extremities can be used to evaluate
the bones. However, these methods add little extra information that is not provided by
standard X-ray studies (Figs. 2 and 3). In one familial case of Nasu–Hakola disease
reported by Matsuhita et al. (1981) there was no radiological evidence of skeletal
involvement, suggesting that in some cases the disease can be expressed exclusively
as dementia. In some cases the neuropsychiatric alterations are evident before the
bone lesions.

Neuroimaging

Neuroimaging exams start to detect alterations only several months or even
years after the beginning of neuropsychiatric symptoms. Axial-computed tomogra-
phy of the brain reveals progressive cortical atrophy that is more accentuated over
the frontal areas and in the polar region of the temporal lobes. Later, abnormal basal
ganglia calcifications can also be observed (Fig. 4).

Images obtained by magnetic resonance imaging (MRI) of the brain are now
recommended in PLOSL (Figs. 5 and 6). T1-weighted images reveal progressive brain
atrophy, which predominates in the frontal areas. T2-weighted images additionally
reveal nonspecific and diffuse sign changes of the white matter and reduction of the
sign of basal ganglia that are possibly related to the calcium and nonhemin iron (fer-
ritin) deposits observed in these regions (Araki et al., 1991). There is also some loss
of signal intensity in the cerebral cortex that has been associated with a possible iron
accumulation in cortical regions (Araki et al., 1991). We have additionally observed
fluid-attenuated inversion-recovery (FLAIR) scans and spin echo can also show a
diffuse non-specific increase of the white matter signal.
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Fig. 4. Axial-computed tomography of the brain of a PLOSL-affected patient. Note brain atrophy that
is more accentuated in frontal areas. Note also abnormal marked basal ganglion calcifications.

Few cases of Nasu–Hakola disease have been studied by single photon emission
computed tomography (SPECT) or positron emission tomography (PET) scanning
techniques. In one patient with Nasu–Hakola disease who presented palilalia, PET
scanning with (18F)-2-fluoro-2-deoxy-D-glucose demonstred that regional cerebral
glucose metabolism was bilaterally decreased in the frontal white matter and mildly
decreased in the thalamus and basal ganglia. In this particular patient, these alter-
ations were more evident on the right side, thus suggesting that hypometabolism
of the right frontal region could be possibly associated with euphoria, uninhibited
behavior and personality alterations that are major features of Nasu–Hakola disease
(Ueki et al., 2000).

ELECTROPHYSIOLOGIC ASPECTS

During the early stages of the disease the electroencephalogram (EEG) is nor-
mal. Usually the first EEG abnormalities can be evidenced only months or even years
after the first neuropsychiatric alterations are noticed. The EEG alterations consist
of theta and delta rhythmic activity over frontal, central, and temporal areas that may
be asymmetrical. These activities progressively increase and become diffuse as the
disease evolves. Sometimes, isolated sharp waves can also be observed in these re-
gions. The alpha rhythm slows and is gradually replaced by theta and delta activities.
During the later stages of the disease, delta activity and sharp waves predominate
(Bird et al., 1983; Deisenhammer et al., 1993; Hakola and Partanen, 1983; Paloneva
et al., 2001).

Visual evoked potentials (VEP), somatosensory evoked potentials (SEP), and
brainstem auditory evoked potentials (BAEP) were performed in a few patients.
Malandrini et al. (1996) observed alterations and delayed and temporal dispersion
in VEP. In SEP these authors observed a bilateral N9 and N13 interpeak latency
increment. They also observed alterations in all BAEP components, except the first
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Fig. 5. Magnetic resonance images (1.5 T) of the brain of a patient with PLOSL. (A) Axial T1 weight
images showing brain atrophy, which predominates in frontal areas. (B) Spin echo images and (C) axial
T2 weight images reveal nospecific alteration of the white matter sign and reduction of the basal ganglion
sign.

one. Other authors have failed to observe abnormalities, using these techniques
(Stubgen and Lotz, 1992; unpublished personal data).

Nerve conduction studies can be normal in some cases (Stubgen and Lotz, 1992;
unpublished personal data) or can disclose alterations in motor and sensory con-
duction velocity, suggesting that some patients may present electrodiagnostic cri-
teria for motor and sensory demyelinating polyneuropathy (Amano et al., 1987;
Kitajima et al., 1989). Samples of sural nerve biopsy obtained from the patients
studied by Kitajima et al. (1989) showed both axonal degeneration and segmental
demyelination.

Discrepancy in electrophysiological aspects may reflect variability of the disease
as well as evaluations performed during different stages of the disease. Polyneuropathy
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could also be a consequence of alcohol abuse, a common co-morbidity of Nasu-
Hakola disease.

ANATHOMOPATHOLOGICAL ASPECTS

Bones

Bone marrow studies of radiologically affected bones and sometimes radiolog-
ically normal bones have shown characteristic membranocystic lesions with undu-
lating membranes under light microscopy (see Figs. 7). These lesions seem to be
composed by carbohydrates, lipids, and phospholipids (Kitajima et al., 1989). Under
electron microscopy these membranes are composed by numerous minute tubular
structures arranged perpendicularly to the luminal face of the degenerating fat cell
(Hasegawa and Inagaki, 1983; Kitajima et al., 1989). The analysis of lipid or lyposo-
mal enzyme activities in affected bone narrow failed to reveal a lipid storage disease
(Kitajima et al., 1989; Ohtani et al., 1979; Sageshima et al., 1987).

Membranocystic lesions are not exclusive alterations of PLOSL. Similar find-
ings were also reported in cases of ischemic necrosis of the legs (Machinami, 1984),
lupus erythematosus profundus, fat tissue granuloma. (Abrikossoff, 1929), experi-
mental ischemic changes of bone narrow and experimental induction of myelofi-
brosis by saponin in bone marrow fat tissue (Nasu et al., 1973). Other conditions
associated with membranocystic lipodystrophic-like lesions include diabetes melli-
tus, erythema nodosum, stasis dermatitis, morphea, atypical mycobacterial infection
multiple myeloma, erythema nodosum-like lesions in Behçet’s disease, lipogranu-
loma, chronic panniculitis, calcifying epitehlioma, posttrauma lesions, and even le-
sions observed after radiotherapy (Ahn et al., 1996; Okada et al., 1999). Some authors
describe varying degrees of vascular changes (e.g., vasculitis and capillary prolifera-
tion) associated with the membranocystic lesions (Ahn et al., 1996). Finally Okada
et al. (1999) reported an 18% incidence of membranocystic lesion in the lumbar yel-
low ligament of the spinal cord of patients submitted to surgical treatment of several
spinal pathologies, among them spondylolisthesis, disc hernia, and spinal stenosis.
These authors suggested that these membranocystic lesions might correspond to a
nonpathognomonic finding encountered in response to increased tension (trauma)
of the yellow ligament (Okada et al., 1999). Taken together, these observations sug-
gest that membranocystic lesions can be the consequence of non-specific patterns
observed during inflammatory or ischemic and/or degenerative diseases of the fat
and bones associated or not with vascular alterations. Thus, membranous lipodystro-
phy can hardly be seen as a form of lipid storage disease, as previously suspected by
some authors (Machinami, 2001; Nasu et al., 1973).

Nervous System

Marked abnormalities can be observed in the CNS (Paloneva et al., 2001). The
weight of the brain at autopsy can be reduced to as little as 680 g (Amano et al.,
1987). In most autopsied cases the average weight of the brain was about 1000 g
(Paloneva et al., 2001). Macroscopic examination reveals generalized atrophy which
is much more evident in frontal areas. The cerebral cortex can be relatively normal
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or show atrophy predominantly in frontal and cingulate giri (Paloneva et al., 2001).
White matter is usually atrophic, especially in the corpus callosum and basal ganglia.
The caudate nuclei seem to be particularly affected. Subcortical arcuate fibers are
generally spared (Paloneva et al., 2001; Tanaka, 1980, 2000). Although analysis of
the lipid composition of brains of patients with PLOSL has shown large amounts of
free fatty acid, no unequivocal evidence of any lipid storage disorder was obtained
(Nasu et al., 1973; Ohtani et al., 1979).

The most remarkable microscopic alterations observed in the brain of PLOSL-
affected patients are diffuse and marked astrocytosis and fibrillary gliosis in the
cerebral white matter, predominantly in the frontal, parietal, and temporal lobes.
The occipital cortex is usually spared (Amano et al., 1987). The cerebral neocorti-
cal cytoarchitecture and the hippocampus are usually preserved. However, in some
patients the frontal and cingulate cortexes were atrophic and gliotic. Few brains pre-
sented some neurofibrillary tangles and neuropil threads in the entorhinal cortex.
The deeper cortical laminae presented few neurons with features of chromatolysis
(Paloneva et al., 2001). There was no evidence of pathological intraneuronal or glial
inclusions or of immunoreactivity for phosphorylated tau, alpha-synuclein, or ubiq-
uitin. No cortical or nigral Lewy bodies were observed. Also, no neuritic or diffuse
plaques, nor congophilic angiopathy, were present in the examined brains (Paloneva
et al., 2001).

Moderate neuronal loss was associated with astrocytic proliferation in basal
ganglia. The thalamus was importantly compromised in one autopsy but this find-
ing was probably related to hypoxemic damage and not directly to PLOSL (Miyazu
et al., 1991). Neuronal loss, chromatolysis, and fibrillary gliosis were evident also in
the brainstem and anterior horn of the spinal chord from the cervical to the lumbar
region (Matsushita et al., 1981; Paloneva et al., 2001). In one case the funiculus lat-
eralis of the spinal cord was also affected (Miyazu et al., 1991). In the cerebellum
there was a loss of Purkinje cells (Paloneva et al., 2001). A common feature of all
patients is marked loss of axons and myelin, accompanied by axonal spheroids and
few lipid-laden macrophages associated with pronounced astrocytic reaction in the
centrum semiovale (Paloneva et al., 2001). The spheroids are constituted of concen-
trically oriented whorl-like, or reticularly arranged neurofilamentous structures in
the periphery of the axoplasma with many mitochondria, granular dense bodies, and
endoplasmic reticula aggregated in the center (Amano et al., 1987; Matsushita et al.,
1981). Occipital and parietal lobe white matter can also be affected, but to a signifi-
cantly lesser extent. Variable myelin loss has been found in the corpus callosum and
in the cerebellar white matter (Amano et al., 1987; Paloneva et al., 2001).

Some authors have additionally observed the occurrence of calcospherite de-
posits in the basal ganglia. These calchospherites are probably responsible for basal
ganglion calcifications observed in the CT scan, and also for the decrease of the in-
tensity of the signal observed in T2-weighted MRI. They are composed of variable
amounts of polysaccharides, calcium, and iron salts (Hakola et al., 1970; Harada,
1975; Tanaka, 1980).

One feature of the anathomopathological studies that may bring some insights
about the nature of the dementia associated with the Nasu–Hakola disease was a
widespread activation of microglia in the cerebral white matter, which predominated
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in frontal and temporal areas (Paloneva et al., 2001). It is tempting to think that this
microglial activation may be strongly related to the genesis of the abnormal findings
in Nasu–Hakola disease.

All patients examined had vascular alterations in the deep frontal and temporal
white matter. These changes consisted of concentric thickening of the vascular wall
of small arterioles and capillaries caused by concentric deposition of collagen type
IV. This process leads to the narrowing and even complete obliteration of the lumen
of the vascular bed (Kalimo et al., 1994; Paloneva et al., 2001).

Finally, peripheral nervous system abnormalities were also reported in some
cases of Nasu–Hakola disease. Sural nerve biopsies were performed in two cases
of Nasu–Hakola disease with abnormal electrophysiological studies (Kitajima et al.,
1989). Light and electron microscopy examination of the material obtained showed
evidence of axonal degeneration. In addition there were membranous structures in
the adipose tissue of the perineurium in both cases.

Other Organs and Tissues

Other tissues analyzed from PLOSL patients were also abnormal. In three cases
analyzed by Kitajima et al. (1989) there were several histiocytes containing granules
of metabolic products composed by carbohydrates, lipids, and phospholipids in the
rectal mucosa. Histochemical staining and electronmicrographs of these granules
showed similarities with the membranocystic lesions in the bone narrow and adi-
pose tissue seen in these patients. In one case analyzed by Tanaka, membranocystic
structures were also found in the adipose tissue from subcutaneous, mesenteric, and
retroperitoneal areas (Tanaka, 1980). Membranocystic lesions were also observed
in the lung (Amano et al., 1987). The lipomembranous lesions were seen in the
alveolar walls and outside the walls of capillaries and small vessels, demonstrat-
ing that these lesions are primary from the lungs and not embolic (Amano et al.,
1987).

MOLECULAR ASPECTS

The DNA analysis of Finnish patients with PLOSL has identified abnormali-
ties in the gene that encodes 12-kDa TYRO protein tyrosine kinase binding protein
(TYROBP), also known as DAP12 or KARAP, located in chromosome 19q13.1. An
attempt to amplify the TYROBP gene by PCR in Finnish PLOSL patients failed to
obtain products for exons 1–4. A later PCR amplification of the defective TYROBP
gene in PLOSL patients showed that all 26 Finnish PLOSL patients analyzed were
homozygous for a genomic deletion of 5265 bp in exons 1–4 of the TYROBP gene
(TYROBPFin). Analysis of the TYROBP gene from one Japanese patient showed a
homozygous single-base deletion in exon 3 (TYROBPJpn, 141delG) (Paloneva et al.,
2000). Additionally, analysis of the TYROBP gene from a Brazilian PLOSL patient
(with German ancestors) with a phenotype similar to that presented by other pa-
tients with PLOSL showed an even larger deletion (about 8 kb) of the TYROBP
gene, also encompassing exons 1–4 (TYROBPBraz) (unpublished data). Finally, an
independent analysis of six other Japanese patients carried out by Kondo et al. (2002)
identified three additional cases of the single base deletion in exon 3, in agreement
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with findings reported by Paloneva et al. (2000) (TYROBPJpn, 141delG) for one
Japanese patient. Two other patients had a novel point mutation (T to C) disrupting
the starting codon of DAP12 (TYROBP) at exon 1. The last patient showed a normal
DAP12 (TYROBP) gene suggesting that the mutation had occurred in another gene,
probably TREM2 (see below). The Finnish, Japanese, and Brazilian mutations prob-
ably resulted in the absence or at least in the production of nonfunctional DAP12
proteins (Paloneva et al., 2000).

Remarkably, not all patients with the classical PLOSL phenotype present molec-
ular abnormalities in the DAP12. In fact, there are some patients with a full clinical
picture of PLOSL, and similar radiological and pathological findings that do not
present any alterations in the TYROBP gene. These patients have abnormalities in
the TREM2 (triggering receptors expressed on myeloid cells-2) gene (Paloneva v,
2002), characterizing genetic heterogeneity in Nasu–Hakola disease. It is likely that
the point mutations observed in these patients result in loss or at least dysfunction of
the TREM2 protein. Considering all cases of PLOSL already tested, when PLOSL
was not associated with a TYROBP gene mutation it was associated with TREM2
gene mutations (Paloneva et al., 2002). So far, in a comprehensive DNA analysis
performed in Finland and involving all the available patients, 79% of the cases were
found to carry mutations in DAP12, while 21% of the cases had mutations in TREM2.
Because most patients analyzed still come from Finland and had the very same mu-
tation, it is possible that this statistic will change when cases from other parts of the
world are added.

KARAP/DAP12 (TYROBP) is an ITAM-bearing cell-surface adaptor protein
known to be associated with several human and mouse receptors expressed on NK
cells (i.e., Ly49D, Ly49H, KIR2DS, CD94-NKG2C, NKp44, and NKG2D) and on
myeloid cells (i.e., MDL-1, SIRP!, TREM-1, TREM-2, and TREM-3). In these
cells, DAP12 homodimer forms a complex with the cited receptors that are impor-
tant for the recognizing MHC class I molecules. (Bakker et al., 1999; Banchereau
and Steinman, 1998; Bouchon et al., 2001; Chung et al., 2002; Diefenbach et al., 2002;
Dietrich et al., 2000; Gallucci et al., 1999; Gilfillan et al., 2002; Lanier et al., 1998a,b;
Moretta et al., 2001; Sauter et al., 2000; Smith et al., 1998; Tomasello et al., 2000). The
cytoplasm domain of TYROBP contains an immunoreceptor tyrosine-based activa-
tion motif (ITAM) which, upon receptor engagement, becomes tyrosine phosphory-
lated and binds the cytoplasmic protein tyrosine kinases SYK and ZAP70 (Lanier
et al., 1998b; McVicar et al., 1998). This interaction results in intracellular calcium
mobilization and subsequent cellular activation.

Besides NK cells and myeloid cells, DAP12 is expressed in several other tissues,
like brain and bones (Paloneva et al., 2000). As far as we know, in the CNS DAP12
is expressed only on microglia that are encountered in different central nervous
regions, including cerebral cortex, frontal lobe, temporal lobe, cerebellum, brainstem,
and spinal cord (Paloneva et al., 2000). In bones, DAP12 is expressed in osteoclasts
(Paloneva et al., 2000).

TREM2 is a polypeptide that belongs to the immunoglobulin superfamily (Ig-SF)
and, similarly to DAP12, is expressed on the cell membranes of macrophages and
dendritic cells, where it associates noncovalently with DAP12 (Bouchon et al., 2001).
In peripheral blood cells, TREM2 is expressed in macrophage- and monocyte-derived
dendritic cells and possibly involved in chronic inflammatory conditions (Bouchon
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et al., 2001). In the CNS, TREM2 is expressed in close association with DAP12 in
microglial cells of frontal, temporal, parietal, and basal ganglia, cerebellum, brain-
stem, and spinal cord. Therefore, it is possible that TREM2 is also involved in chronic
inflammatory diseases of the CNS (Paloneva et al., 2002).

So far, all PLOSL patients tested present mutation in DAP12 or TREM2
(Paloneva et al., 2002). Thus, PLOSL results from the inactivation of the TREM2/
DAP12 signaling pathway in humans. In addition to being involved in the TREM2/
DAP12 signaling pathway, DAP12 is also involved in other different pathways that
regulate the function in different types of cells of the immune system. Thus, it possi-
ble that PLOSL patients with a DAP12 mutation have loss of function in all DAP12-
associated cell surface receptors. However, up to now, in vitro immunological studies
conduced with NK cells derived from PLOSL patients have failed to disclose any
dysfunction (Paloneva et al., 2001). In fact, it seems that loss of function of DAP12-
associated cell surface receptors other than TREM2 in humans do not result in any
easily observable clinical abnormalities. This observation has at least three immedi-
ate implications. First, loss of TREM2 function in humans (caused by loss of func-
tion due to TREM2 mutations or by TREM2/DAP12 pathway disruption) seems to
be the cause of PLOSL. Second, human cells might have developed compensatory
mechanisms that can replace the DAP12-mediated signaling pathway other than
TREM2/DAP12 with minimal compromise. Third, immunological TREM2/DAP12
signaling pathway disruption cannot be adequately compensated in brain or bones.

The compensatory mechanism discussed earlier can be due either to the exis-
tence of additional complete families of cell surface adapter molecules capable of
replacing the inactive DAP12-mediated signaling pathway or, alternatively, to cross-
talking or different association with alternative already known proteins involved in
other similar signaling pathways. In this venue DAP10 could possibly be an interest-
ing alternative.

Moreover, considering a theoretical possible role of DAP12 in the normal func-
tion of NK cells (Bakker et al., 2000; Bouchon et al., 2000, 2001; Campbell and
Colonna, 1999; Lanier, 1998; Lanier and Bakker, 2000; Paloneva et al., 2000; Sjolin
et al., 2002), it is interesting to observe that there is no report of an abnormally
higher incidence of infections or neoplasias in human patients suffering from Nasu–
Hakola disease. In fact, the course of different kinds of common infections in PLOSL
patients seems to be clinically similar to that observed in other patients (personal
observations). Considering additionally that DAP12 seems to be involved in NK-cell
activation during cytomegalovirus (CMV) infection (Sjolin et al., 2002), it is also in-
teresting to observe that there is no report of clinically significant and severe CMV
infections in these patients, even in those who had contact with CMV (personal ob-
servations). One possible implication of these observations is that the role of the
TREM2/DAP12 signaling pathway in the human immunological system cannot be
appropriately inferred from animal studies. The other is that TREM2/DAP12 signal-
ing pathway function is so important that other subcellular immunological systems
possibly developed during evolution in a way that its absence can be compensated
for in humans, except in brain, bone, and fat tissues.

Finally, understanding the molecular aspects of PLOSL is crucial to develop
forms of effective treatment of Nasu–Hakola disease. At least theoretically, bone
marrow transplant might be a therapeutical alternative for these patients.
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MECHANISMS INVOLVED IN THE GENESIS OF PLOSL

The basic mechanisms of disease in PLOSL remain largely unknown. Initially,
an abnormality in lipid metabolism was hypothesized by Nasu (Nasu et al., 1973) and
further extended by Kitajima et al. (1989). However, no specific form of deposited
lipid could be evidenced, suggesting that a lipid storage disease was unlikely.

Another hypothesis based on circulatory disturbances of vascular origin for
Nasu–Hakola pathogenesis was suggested by Järvi and Sourander and further ex-
plored by Kalimo et al. (1994). In fact, autopsy findings revealed alterations in mi-
crovessels in the deep frontal and temporal white matter. Immunohistochemical
methods have revealed thickened vessel walls often with multiple immunopositive
layers as well as some evidence of blood–brain barrier breakdown (Kalimo et al.,
1994; Paloneva et al., 2001), thus suggesting that some clinical and pathological as-
pects of PLOSL might in fact correspond to alterations in the microcirculation.

A third possibility of the primary importance of axonal degeneration was sug-
gested by Matsushita et al. (1981). However, this theory fails to explain the skeletal or
vascular alterations observed. Indeed, axonal degeneration seems to be a secondary
process in Nasu–Hakola disease.

The finding of mutations in the DAP12 and TREM2 genes has opened new possi-
bilities for understanding the genesis of Nasu–Hakola disease. The mutations in gene
TYROBP suggest that TYROBP in these patients is nonfunctional (Paloneva et al.,
2000). The second mutation encountered in PLOSL patients also occurs in a protein
involved in signal transduction of a distinct signaling pathway and is coded by gene
TREM2 (Paloneva et al., 2002). The finding that patients with TYROBP or TREM2
mutations causing a nonfunctional DAP12 or TREM2 proteins develop PLOSL sug-
gests that the TREM2/DAP12 signaling pathway which is expressed in microglia in
the CNS and in osteoclasts in bones, two types of cells that may be derived from
common hematopoietic stem cells, is nonfunctional and noncompensated (Paloneva
et al., 2000, 2002). The absence of DAP12 or TREM2 could lead to immunological
imbalance among the different types of activating and inhibitory receptors causing
microglia and osteoclast dysfunction. Thus, it is temping to think that a dysfunction
in the microglia and in the osteoclasts might be the common basic mechanism for
the CNS and osseous alterations, resulting in the clinical presentations of PLOSL
(Paloneva et al., 2000, 2002).

In recent years, microglia has been implicated directly or indirectly in sev-
eral neurodegenerative or inflammatory-infectious diseases of the CNS, including
Alzheimer’s, Parkinson’s, and Huntington’s diseases, and AIDS (Brown, 2001;
Gebicke-Haerter, 2001; Gebicke-Haerter et al., 1996; Gonzalez-Scarano and Baltuch,
1999; Halliday et al., 2000; Kaul et al., 2001) Interestingly, in all these cited diseases, mi-
croglial activation seems to be a secondary alteration provoked by other basic mech-
anisms. Because in the CNS the TREM2/DAP12 pathway was so far evidenced only
in microglia, it is tempting to think that microglial dysfunction seems to play the basic
role in the mechanisms that lead to dementia in PLOSL. Therefore, theoretically, in
PLOSL microglial dysfunction seems to be the direct cause of brain damage and not
only a secondary process. The damage and/or CNS cell dysfunction could be associ-
ated with several different mechanisms including cytokines, chemokines, free radi-
cals, other potentially toxic substances, and eventually all the inflammatory cascade,



P1: GC
Cellular and Molecular Neurobiology [cemn] pp1004-cemn-474151 January 16, 2004 7:47 Style file version Oct 23, 2000

18 Bianchin et al.

as observed in other neurodegenerative processes (Albright et al., 1999; Bacon and
Harrison, 2000; Chabas et al., 2001; Coraci et al., 2002; Cummings, 1986; Gebicke-
Haerter et al., 2001; Gonzalez-Scarano and Baltuch, 1999; Hull et al., 2002; Kaul
et al., 2001; Kaul and Lipton, 1999; Langford and Masliah, 2001; Minagar et al., 2002;
Merrill, 1992; Mitrovic et al., 1994; Nakamura, 2002; Van Everbroeck et al., 2002).

Because the TREM2/TYROBP signaling pathway seems to be preferentially
involved in maturation and activation of some immune cells, at least three specu-
lative primary mechanisms of microglial dysfunction could be involved. One could
be related to immature microglial cells. Immature microglial cells may lack ade-
quate immunomodulation promoting directly or indirectly inadequate secretion of
immunoactive substances like cytokines and chemokines, or even other toxic sub-
stances, slowly leading to dysfunction of other CNS cells (neurons and astrocytes) and
eventually death. The second mechanism may be related to ineffective microglial acti-
vation resulting in inadequate absorption of rests of dead cells and eventually viruses
that otherwise would be adequately removed, indirectly provoking an increased
inflammatory response. The third possibility would be a paradoxical activation of
microglia or even lack of deactivation caused by an imbalance among the several in-
hibitory and excitatory membrane receptors or by some still unknown mechanisms
(Fig. 8).

Fig. 8. Possible mechanisms involved in microglial dysfunction leading to nervous system
disorders and damage.
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Fig. 9. Possible mechanisms involved in osteoclast
dysfunction leading to bone remodeling disorders and
damage.

Understanding the mechanism of distal osseous damage is not less challenging.
Bone mineral radionuclide methods and tetracycline-labeled bone histomorphome-
tric studies have conclusively shown that bone is a dynamic tissue, continuously
remodeling itself. This remodeling is accomplished by cells that erode cavities in
bone, known as osteoclasts, and by cells that synthesize new bone matrix, known
as osteoblasts (Blair, 1998; Blair et al., 2002; Compston, 2002; Ducy et al., 2000;
Duong and Rodan, 2001; Greenfield et al., 1999; Hill, 1998; Kenny and Raisz, 2002;
Manolagas, 2000; Teitelbaum, 2000; Teitelbaum et al., 1997; Vaananen et al., 2000).
Most metabolic disorders of the adult skeleton result from an imbalance between
the reabsorption of old bone by osteoclasts and its subsequent replacement by os-
teoblasts. The maintenance of adult skeletal mass is controlled not only by changes
in the production of osteoclasts and osteoblasts but also by altering the duration of
their respective life spans through regulated apoptosis (Blair, 1998; Blair et al., 2002;
Compston, 2002; Ducy et al., 2000; Duong and Rodan, 2001; Greenfield et al., 1999;
Hill, 1998; Kenny and Raisz, 2002; Manolagas, 2000; Teitelbaum, 2000; Teitelbaum
et al., 1997; Vaananen et al., 2000). Theoretically, considering that the precursors of os-
teoclasts are hematopoietic cells of the monocyte-macrophage lineage, an alteration
in the TREM2/DAP12 signaling pathway in osteoclasts could lead to bone cysts by
at least two possible distinct mechanisms. One may be an alteration in programmed
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osteoclast apoptosis leading to an imbalance between bone formation and reab-
sorption. The other mechanism could be inappropriate osteoclast function in bone
reabsorption and remodeling (Fig. 9), caused either by an excessive paradoxical os-
teoclastic hyperfunction caused by imbalance among the different inhibitory and
stimulatory cell membrane receptors of the osteoclast or by failure of osteoclast
deactivation caused by still unknown mechanisms.

The speculative mechanisms presented here are based on the most recent in-
sights derived from the surprising genetic and molecular findings obtained in PLOSL
studies, associated with recent advances in the understanding of some of the basic
processes in neuroimmunology. Despite their speculative nature, they are motivating
further research necessary to better understand Nasu–Hakola disease. These studies
will support or rule out the hypotheses presented here for PLOSL-associated bone
and brain damage. More important, they will be the basis for developing effective
therapeutic approaches for these patients as well as for other related diseases.
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