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Abstract

To better understand the pathogenesis of brain dysfunction in Gaucher disease (GD), we studied brain pathology in seven
subjects with type 1 GD (four also exhibited parkinsonism and dementia), three with type 2 GD and four with type 3 GD. Unique
pathologic patterns of disease involving the hippocampal CA2-4 regions and layer 4b of the calcarine cortex were identified. While
these findings were common to all three GD phenotypes, the extent of the changes varied depending on the severity of disease.
Cerebral cortical layers 3 and 5, hippocampal CA2-4, and layer 4b were involved in all GD patients. Neuronal loss predominated in
both type 2 and type 3 patients with progressive myoclonic encephalopathy, whereas patients classified as type 1 GD had only
astrogliosis. Adjacent regions and lamina, including hippocampal CA1 and calcarine lamina 4a and 4c were spared of pathology,
highlighting the specificity of the vulnerability of selective neurons. Elevated glucocerebrosidase expression by immunohistochemis-
try was found in CA2-4. Hippocampal *Ca”* uptake autoradiography in rat brain was performed demonstrating that hippocampal
CA2-4 neurons, rather than CA1 neurons, were calcium-induced calcium release sensitive (CICR-sensitive). These findings match
recent biochemical studies linking elevated glucosylceramide levels to sensitization of CA2-4 RyaR receptors and 300% potentiation
of neuronal CICR sensitivity. In two patients with type 1 GD and parkinsonism, numerous synuclein positive inclusions, similar to
brainstem-type Lewy bodies found in Parkinson disease, were also found hippocampal CA2-4 neurons. These findings argue for a
common cytotoxic mechanism linking aberrant glucocerebrosidase activity, neuronal cytotoxicity, and cytotoxic Lewy body
formation in GD.

Published by Elsevier Inc.
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Introduction accumulation of glycolipid substrates, primarily glucocer-

ebroside and glucosylsphingosine [2]. Patients with GD

Gaucher disease (GD) is a clinically and pathologically
heterogeneous disorder caused by a deficiency of the lyso-
somal enzyme glucocerebrosidase [1]. As a result, there is
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can be categorized into three general, clinical [2,3], and
biochemical phenotypes [4,5]. Type 1 GD is the most
common form and classically the CNS is not affected [6,7].
The onset of signs in type 2 GD (also called acute neuron-
opathic GD) is in infancy while type 3 GD (chronic
neuronopathic GD) may commence at any age [§].
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The neuronopathic form [9] of Gaucher disease
(NPGD) was described 32 years after Philippe Gaucher
first described the disease in his doctorate thesis [10]. The
most consistent neuropathologic finding reported in
NPGD was the periadventitial accumulation of lipid-
laden macrophages (Gaucher cells) [2,11-14]. Significant
neuronal loss with crumpled, shrunken-atrophic neurons
[11,13] has been described in the basal ganglia, nuclei of
the midbrain, pons and medulla, cerebellum, dentate
nucleus and hypothalamus [13,15,16]. Other reports
identified cerebral cortical laminar necrosis of the third
and fifth cortical layers [11,12,16], neuronal loss with
astrogliosis in layer IV, Gaucher cells in the visual cortex
and occipital-temporal lobes [17,18], as well as paren-
chymal Gaucher cells lying free within cerebral cortex,
especially in the occipital lobes [12,14,15]. Non-specific
gray and white matter gliosis [12,13,18] and microglial
proliferation have been noted [13,15]. Neuronal storage
of glucosylceramide (GlcCer) [12,13] has also been
described but the identification of GleCer tubular struc-
tures in neurons is rare [19].

Type 1 GD by definition spares the CNS. However,
there are reports of clinical and pathological CNS find-
ings in patients who would be considered type 1 GD
[7,20,21]. In addition, Parkinson disease or parkinsonian
symptoms in conjunction with type 1 GD have been
reported as an incidental association [14,22,23], but are
the subject of more focused investigations recently [24-28].

In this study, we sought to identify specific patterns of
neuronal injury that might provide clues to underlying
pathogenic mechanisms in GD and to find possible
mechanisms common to the pathogenesis of both Par-
kinson disease and GD. Intrigued by the descriptions of
regional laminar neuronal susceptibility and astrogliosis,
we set out to determine whether specific patterns of
selective neuronal vulnerability underlie the different
GD phenotypes. We hypothesized that a detailed neuro-
pathologic investigation would elucidate clues to the
pathogenesis of NPGD.

Methods
Neuropathological material

We performed neuropathologic evaluations of 14
subjects with Gaucher disease (Table 1), including 10
males and four females ranging in age from 3 years to 86
years. Diagnosis of Gaucher disease was made by noting
glucocerebrosidase deficiency (data not shown) and
mutations of the glucocerebrosidase gene (Table 1).
Three patients had type 2 GD, including two with
“classic” rapidly progressive disease (Patients 8 and 9)
and one with a slower disease progression (Patient 10).

Four patients had type 3 GD. One patient died at a
very early stage of his disease while undergoing a bone

marrow transplant for GD (Patient 11), and two patients
had progressive myoclonic encephalopathy (PME)
(Patients 12 and 14).

Seven patients were classified as having type 1 GD.
Three lacked neurologic symptoms (Patients 1-3), and
four had a form of parkinsonism and dementia (Patients
4-7). The encephalopathy of Patient 5 included horizon-
tal supranuclear gaze palsy, a feature of NPGD.

Complete brain samples including cortical, subcorti-
cal white matter, cingulate gyrus, temporal, parietal, cal-
carine cortex, striatum, thalamus, hippocampal,
cerebellar, midbrain and brainstem sections or hemi-
brains were obtained in 12 of the 14 patients (Patients 1—
11, 14). Cerebral cortical sections were evaluated in all 14
patients; some sections were not available from Patients
6,12, and 13 as noted in Table 1.

Special staining and immunohistochemistry

Standard hematoxylin and eosin, periodic acid—Schiff
(PAS), alcian blue, and Bielschowsky stains were per-
formed using 9pum sections (Luna Reference Manual of
Histologic Staining Methods of the Armed Forces Insti-
tute of Pathology, 3rd edition, edited by Lee G. Luna, HT
(ASCP), McGraw-Hill, New York, New York, 1968).
Modified alcian blue 8GX/PAS was performed as
previously described [29]. Standard ABC immunohisto-
chemical methods were performed by automated Dako
Autostainer, Universal Staining System. Antibody titra-
tions included glial fibrillary acidic protein (GFAP) (Dako,
Carpinteria, CA, USA) at 1:4000 dilution, synaptophysin
(Dako) at 1:50 dilution, synuclein (Novacastra, Newcastle,
UK) at 1:320 dilution, and ubiquitin at (Dako) 1:300 dilu-
tion. Anti-glucocerebrosidase monoclonal antibody 8E4
was provided by Dr. JM. Aerts [30]. 8E4 immunohisto-
chemistry was performed manually by Envision HRP
(Dako). Modifications included primary and secondary
antibody incubations under a warm water steam bath for
30min/incubation. 8E4 titers were performed in the range
of 1:50-1000, with the best 8E4 staining results at 1:200
dilution.

Autoradiography

Histochemical analysis of **Ca’' uptake was per-
formed as described previously [31]. Briefly, 20 mm fro-
zen rat brain sections were allowed to thaw before being
pre-incubated in permeabilization buffer containing
100mM KCI, 10mM HEPES, pH 7.3, 3% polyethylene
glycol (PEG), ImM DTT, and 10mM digitonin for
10min at 25°C. Sections were then transferred into
uptake buffer containing 20 mM HEPES (pH 7.3, KOH),
75mM K,oxalate, 3% PEG, 10mM phosphocreatine,
10 U/ml creatine phosphokinase, 5SmM NaNj;, 0.2mM
total Ca®*, 0.1 mCi/ml *Ca**, 1 mM MgCl,, 2mM ATP,
and 10mM DTT at 37°C. The free Ca** concentration



Table 1

Clinical, genetic, and pathologic findings in patients with Gaucher disease

Patient Gaucher Sex/age Clinical phenotype Genotype Brain sections Hippocampus Calcarine Cerebral cortex,  Other significant
disease  of death CA2-4 cortex, Layer  Layer 5, focally  neuropathology
4b layer 3
1 Type 1 M/69 Y Non-neurologic N370S/Q350X All Astrogliosis Astrogliosis Astrogliosis Sensorli.mc?tor cortex layer 5
astrogliosis
2 Typel M/58Y Non-neurologic N370S/c.208delC All Astrogliosis Astrogliosis Astrogliosis
3 Typel M/B6Y Non-neurologic N370S/N370S All Astrogliosis Astrogliosis Astrogliosis Ballooning of CA2 pyramidal
cell neurons
4 Typel F/62Y Parkinsonism, dementia ~ N370S/? All Astrogliosis Astrogliosis Astrogliosis DLBD with cortical LB, PD
5 Typel F/53Y Parkinsonism, dementia, D409H/ All Astrogliosis Astrogliosis Astrogliosis Brainstem-type Lewy bodies
myoclonus, horizontal L444P + duplication in hippocampal CA2-4
supranuclear gaze palsy pyramidal cell neurons
6 Typel M/75Y Parkinsonism, dementia ~ N370S/N370S All except brainstem, Astrogliosis Astrogliosis Astrogliosis Brainstem-type Lewy bodies
midbrain was present in substantia nigra
7 Typel M/54Y Parkinsonism, dementia ~ N370S/N370S All Astrogliosis Astrogliosis Astrogliosis Brainstem-type LB in
hippocampal CA2-4
pyramidal cell neurons and
cortical LB
8 Type2  F/15Mo Typical progression RecNcil/L444P All Neuronal loss Neuronal loss Neuronal loss
9 Type2 F/3Y Typical progression R257Q/L444P All Neuronal loss Neuronal loss Neuronal loss
10 Type2 M/35Y Milder type 2 F2131/S107L All Neuronal loss Neuronal loss Neuronal loss
11 Type3 M/4Y Saccadic paresis, L444P/ All Astrogliosis of No pathology Focal mild Died 10 days post-BMT at an
developmental delay, G202R + duplication CA4-3 astrogliosis of early phase of Type 3 GD,
no myoclonus involving the pseudogene layers 3 and 5 large somatosensory
amplitude without overt
myoclonus [35]
12 Type3 M/15 PME RecNcil/V394L Cerebral motor Not evaluated Not evaluated No astrogliosisor No astrogliosis in
cortex only neuronal lossin  sensorimotor cortex
the motor cortex
13 Type3 M/18 Mo  Died of aspiration Y304C/L444P Cerebral and Not evaluated Neuronalloss Neuronal loss
calcarine cortex only
14 Type3 M/14 Severe systemic disease G377S/g.5245delT All Neuronal loss Neuronal loss Neuronal loss

and PME

M, male; F, female; Y, years; Mo, months; Brain sections: All, standard brain sections to include hippocampus, Calcarine, cerebral cortex and white matter, subcortical regions, midbrain, and
brainstem. DLBD, diffuse Lewy body dementia; LB, Lewy body; PD, Parkinson disease; BMT, bone marrow transplant; PME, progressive myoclonic encephalopathy. Parkinsonism indicates the
presence of rigidity, bradykinesia, and occasional tremor or postural instability.
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was adjusted to 0.3mM with a Ca**-selective electrode.
Incubations were performed in plastic slide mailing ves-
sels (Evergreen, Los Angeles, CA) and buffer volumes
were adjusted to give ~100 mg/ml protein in the assay.
After incubation, slides were removed from uptake
buffers and transferred into wash buffers containing
100 mM KCI, 10mM K,oxalate, 3% PEG, 5mM MgCl,,
10mM HEPES-KOH (pH 7.3), and 2mM EGTA at
4°C. After washing in this buffer for 10 min, sections
were dried under a cool air stream blown from one edge
of the slide with careful, gentle vacuum aspiration of
excess fluid from the other side and then were apposed
to P-particle sensitive film (BetaMax; Amersham,
Arlington Heights, IL) and developed in Kodak D-19
developer after 12-24h exposure. Inositol triphosphate
(IP5) or caffeine was included in the uptake assay as indi-
cated to identify calcium pools released via the IP; recep-
tor and ryanodine receptor, respectively.

Results

Neuropathologic findings of selected brain regions
from the 14 patients together with patient genotypes are
summarized in Table 1. A range of glucocerebrosidase
gene mutations was identified. It is noteworthy that most
with type 1 GD had at least one allele with N370S, that
was hitherto considered a “neuroprotective” allele. The
most characteristic consistent and specific neuropatho-
logic findings were the selective vulnerability of hippo-
campal CA2-4 pyramidal neurons, as well as neurons of
the calcarine cortex layer 4b and cerebral cortex layer 3
and 5 (Table 1). Pathologic changes in the three brain
regions were present in every Gaucher brain we exam-
ined. However, there were qualitative and quantitative
differences between the GD types. Patients with GD
types 2 and 3 had prominent neuronal loss and astrogli-
osis, whereas those with type 1 GD had astrogliosis
without significant neuronal loss.

Hippocampal pathology in Gaucher disease;, H&E and
GFAP studies

The hippocampus had neuropathological findings in
the CA2, CA3, and CA4 regions with relative sparing of
the CA1 region (Figs. 1A and B) in all patients with GD.
In patients with type 2 GD, the CA2 region had severe
neuronal loss and dense fibrillar and gemistocytic
astrogliosis (Fig. 1D, compare with 2D). CA3 and CA4
had moderate neuronal loss and astrogliosis (Fig. 1A).
There was no detectable neuronal loss or increased
astrogliosis in CA1 (above background gliosis).

Among subjects with type 1 GD, the CA2 region had
marked astrogliosis with moderate astrogliosis of CA3-
4. There was no increase in astrogliosis of CA1 (Fig. 1B)
detectable above the low background level.

In all patients with GD, excepting Patient 11, there
was a low level of background gliosis that was most
prominent in the brainstem and striatum, moderate in
the centrum ovale white matter, and mild in the cortices.
The “background gliosis” was nearly always associated
with capillaries and the vasculature. In comparison, the
regional patterns of gliosis in the hippocampi were
related to the glial and neuronal architecture. Character-
istically, a moderately dense fibrillary and in some cases
in the CA2 region, gemistocytic astrogliosis was noted.
In the one exception, Patient 11 with early type 3 GD
without overt clinical myoclonus, there was no “back-
ground gliosis” detectable, but hippocampi CA4, CA3,
and likely CA2, were astrogliotic (Fig. 1C). These find-
ings can be compared with the GFAP and H&E staining
of the same brain regions in a normal subject (Fig. 2).
immunohisto-

Hippocampal  anti-glucocerebrosidase

chemistry

We attempted to identify a possible functional rela-
tionship between the pattern of neuronal damage and
level of glucocerebrosidase expression. Glucocerebrosid-
ase-specific immunohistochemistry in a normal control
(Fig. 3A) and in a patient with type 1 GD (Fig. 3C) dem-
onstrated strong, dense 8E4 reactivity in hippocampal
CA2-4 region pyramidal neurons (Figs. 3A and C),
whereas CA1 pyramidal cell neurons had a less dense,
sparser, scattered immunoreactivity (Figs. 3B and D).
The 8E4-antibody immunostaining in cerebral cortical
layer 5, and to a lesser extent in layer 3, was discernibly
darker than in the other cortical layers, but the difference
was not as marked as seen in the hippocampus (not
shown). 8E4-antibody immunoreactivity in other brain
sections from patients with GD did not demonstrate a
distinct pattern (not shown).

Hippocampal pathology in GD patients with parkinsonism
and dementia

Four patients had type 1 GD and parkinsonism with
dementia. Two of these patients (Patients 5 and 7) [27] had
numerous, hippocampal CA2-4, intraneuronal, synuclein-
positive inclusions (Figs. 4A, B, D-F), reminiscent of the
brainstem-type Lewy bodies seen in the substantia nigra
in idiopathic Parkinson disease. The Lewy body-like syn-
uclein inclusions were absent in CA1 (Fig. 4C). A number
of hippocampal pyramidal cell neurons imbedded in the
stratum lacunosum moleculare near the most proximal
CA1 region also had Lewy body-like synuclein inclusions.

Two of these patients lacked hippocampal CA2-4,
Lewy body-like synuclein inclusions. Patient 6 had
marked neuronal loss of substantia nigra neurons
accompanied by brainstem-type Lewy bodies. Patient 4
had, in addition to brainstem-type Lewy bodies, numer-
ous cortical-type Lewy bodies in the temporal lobe
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Fig. 3. Strong 8E4 (anti-glucocerebrosidase) immunoreactivity in CA2-4 region. (A) Normal human control, hippocampal formation. Immunoreac-
tivity to 8E4 anti-glucocerebrosidase antibody is strong in the pyramidal cell neurons of the CA2, CA3, and CA4 regions. CAl has much weaker
immunoreactivity. (§E4 immunostain, 40x original magnification). (B) Normal human control, hippocampal, CA2-CA1 interface. Strong immuno-
reactivity to 8E4 anti-glucocerebrosidase antibody is present in the pyramidal cell neurons of the CA2 region, whereas the CA1 pyramidal cell neu-
ron staining dense is sparse (8E4 immunostain, 100x original magnification). (C) Type 1 Gaucher disease (Patient 2). Hippocampal CA2 region. CA2
pyramidal cell neurons have dense, granular, cytoplasmic 8E4 immunoreactivity (8E4 immunostain, 200x original magnification). (D) Type 1
Gaucher disease (Patient 2). Hippocampal CA1 region. Some CA1 pyramidal cell neurons have mild to moderate 8 E4-glucocerebrosidase immuno-
reactivity, but other neurons lack significant immunoreactivity (§E4 immunostain, 200 x original magnification). Scale bars: A, 1 mm; B, 150 um; C,
50 pm; D, 50 pm.

<

Fig. 1. Hippocampal CA2—-CA4 pyramidal cell neuronal loss and astrogliosis in Gaucher disease. CA1 region is spared. (A) Type 2 Gaucher disease
(Patient 10). Hippocampal pyramidal neuron cell loss and astrogliosis are most severe in CA2 (region bracketed between rows of dots), moderate to
severe in CA3 and moderate in CA4. The CA1 region of the hippocampus has minimal background gliosis and is largely spared of significant pathol-
ogy (hematoxylin and eosin, H&E, 40x original magnification). (B) Type 1 Gaucher disease (Patient 2). Hippocampal pyramidal neuron cell loss is
undetectable and astrogliosis may not be readily detectable, except with glial fibrillary acidic protein staining (GFAP). Hippocampal CA2 region is
strongly and densely GFAP immunoreactive. CA3 and CA4 also have moderate GFAP immunoreactivity whereas the CA1 region only has back-
ground scattered perivascular immunoreactivity. DG denotes the dentate gyrus. S denotes the stratum lacunosum, a region that almost always stains
highly GFAP immunoreactive, whether in normal and disease states. (GFAP immunoperoxidase, 40x original magnification). (C) Type 3 Gaucher
disease (Patient 11). This patient’s symptoms included developmental delay, supranuclear gaze palsy and mild dysphagia, but no myoclonus or sei-
zures. The patient died shortly after a bone marrow transplantation. CA4 region has mild gliosis and GFAP immunoreactivity that extends into CA3
and proximal CA2. CAl does not have an appreciable increase in GFAP immunoreactivity. No neuronal loss was visible (GFAP immunoperoxidase,
40x original magnification). (D) Type 2 Gaucher disease (Patient 10). Close-up of hippocampal CA2—-CA1 interface. The few remaining hippocam-
pal pyramidal cell CA2 neurons are basophilic and shrunken. Astrogliosis with eosinophilic astrocytes and glial processes is prominent. The CA1
region at the interface has mildly affected pyramidal cell neurons (slightly basophilic) and mild astrogliosis. One hundred and fifty micrometers from
the CA2-CA1 interface, the CA1 region has no significant changes above background (not shown). (H&E, 100 original magnification). Scale bars: A,
B, and C, | mm; D, 100 pm.

Fig. 2. Normal control, GFAP immunostaining of hippocampus, cerebral cortex, calcarine cortex. (A) The hippocampal CA2-4 region in a non-dis-
ease state has very little GFAP immunoreactive astrogliosis. (B) The normal cerebral cortex and cortical layers 3 and 5 lack significant GFAP detect-
able astrogliosis. (C) Calcarine cortex layer 4, outlined by the region between the dot markings and layer 4b have no significant astrogliosis by GFAP
immunostaining. (D) Normal control of CA2/CA1 junction with abundant hippocampal pyramidal neurons (H&E, 100x original magnification).
Scale bars: A, 1 mm; B, 250 pm; C, 1 mm; D, 200 um.
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Fig. 4. Neuronal intracytoplasmic inclusions similar to brainstem-type Lewy bodies in hippocampal pyramidal cell neurons of the CA2-4 sector in
Patient 5 with GD and parkinsonism. (A) Hippocampal CA2 region. Many large neuronal intracytoplasmic inclusions morphologically resembling
brainstem-type Lewy bodies are present in CA2 pyramidal cell neurons (H&E, 400x original magnification). (B) Hippocampal CA3 region. The
same inclusions are present in CA3 pyramidal cell neurons. (H&E, 400x original magnification). (C) a-Synuclein immunoreactive, intracytoplasmic,
pyramidal cell neuron inclusions are abundant in the hippocampal CA2-4 regions. Except for a few inclusions at the CA2-CA1 interface and pyrami-
dal cells in the stratum lacunosum, CA1 is devoid of a-synuclein immunoreactive Lewy body-like inclusions (synuclein immunoperoxidase, 40 x orig-
inal magnification). (D) a-Synuclein immunoreactive, intracytoplasmic, pyramidal cell neuron, and inclusions (arrow heads) are abundant in the
hippocampal CA4 region (synuclein immunoperoxidase, 200x original magnification). (E) Synuclein immunoreactive, intracytoplasmic, pyramidal
cell neuron, and inclusions (arrow heads) are also plentiful in the hippocampal CA2 region (synuclein immunoperoxidase, 200x original magnifica-
tion). (F) Hippocampal CA2 region, close-up. a-Synuclein immunoreactive inclusions fill the cytoplasm of pyramidal cell neurons. Some of the inclu-
sions (far left arrowhead) have a immunoreactive morphology similar to a brainstem-type Lewy body (synuclein immunoperoxidase, 400x original
magnification). Scale bars: A, 38 um; B, 35 pm; C, 1 mm; D, 80 pm; E, 100 pm; F, 45 um.

entorhinal cortex and cingulate gyrus, consistent with like synuclein inclusions, but resembles diffuse Lewy
Parkinson disease and diffuse Lewy body dementia. body dementia.
Thus, two neuropathologic patterns can be discerned. All four patients with parkinsonism and dementia

One pattern has CA2-4 Lewy body-like synuclein inclu- had hippocampal CA2-4 gliosis, depletion of substantia
sions, while the second pattern lacks CA2-4 Lewy body- nigra (SN) neurons, SN gliosis and SN brainstem-type
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Lewy bodies. Patient 4 with diffuse Lewy body disease Lewy body dementia, cortical Lewy bodies, brainstem-
had, in addition, mild CA2 neuronal loss and dystrophic type Lewy bodies in the substantia nigra and CA2-4
neurites in the CA2-3 region. Patient 7 had a combina- Lewy body-like synuclein inclusions in the hippo-
tion of the two patterns with the presence of diffuse campus.

IP3-sensitive pool Overall ER Ca2+
uptake

v RNy
.v -:,\‘
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Fig. 5. CICR-sensitive calcium pools in rat hippocampus CA2-4 region match CA2-4 region-human pathology. Selective enrichment of CICR in rat
hippocampal sub-regions. CA2 belongs to the CICR-sensitive pool. Endoplasmic reticulum (ER) calcium pools were localized in sagittal rat brain
sections using the ¥*Ca®* autoradiographic technique of Verma et al. [32]. Darker areas reflect higher amounts of ER sequestered *Ca®*. The inter-
face between CAl and CA2 regions is indicated by the white arrows. The selective enrichment of CICR and IP3 sensitive pools in the hippocampus
has been demonstrated previously by Verma et al. [32]. The present study refines the previous studies by placing the hippocampus CA2 region (inter-
face at white arrow) as belonging to the CICR-sensitive pool with CA4 and CA3. (A) The ¥*Ca®* uptake performed in the presence of 10 uM IP3,
selectively depletes the IP3-sensitive pools. The CA1 region in (A) (just above the yellow arrowheads) has lighter density than CA1 in (B), overall ER
4Ca?*, indicating IP3-sensitive calcium depletion is primarily in CA1. (B) The overall ER ¥*Ca®* uptake showing non-selective ER ¥*Ca’* uptake. (C)
45Ca®* uptake performed in the presence of 10 mM caffeine to selectively deplete the CICR-sensitive pools. CA2-4 region (borders the yellow arrow-
heads) has lighter density than CA2-4 region in (B) indicating caffeine-sensitive calcium depletion of CICR regions to be primarily in CA2-4. Note
that CA1 region in (C) is significantly less bright than in (A). Although the IP3 and CICR regions do overlap, (A)—(C) indicate that the CICR pools
in the CA2-4 regions and the dentate gyrus region are characterized by their relative resistance to IP3, but sensitivity to caffeine. (D) Hippocampus of
a patient with type 1 GD with no neurological abnormalities (Patient 3). GFAP immunoreactivity demonstrates astrogliosis in CA2-4 regions
(CICR-sensitive region) contrasting with relatively spared CAl region (IP3-sensitive region). Dense GFAP immunoreactive astrogliosis abuts
directly against the dentate granular cells neurons. (GFAP, 400 x original magnification). Scale bar: D, | mm.



200 K. Wong et al. | Molecular Genetics and Metabolism 82 (2004) 192-207

Hippocampal ¥ Ca®* uptake autoradiography suggests a
functional link between CA2-4 neuropathology and
increased risk of CA2-4 neuronal excitatory cytotoxicity
induced by excess glucocerebroside

Endoplasmic reticulum (ER) calcium pools were
localized in sagittal rat brain sections with darker
regions corresponding to greater amounts of ER seques-
tered ¥*Ca®* (Fig. 5B). Exposure to inositol triphosphate
(IP3), depleted IP;-sensitive pools, resulting in decreased
ER sequestered ’Ca* that was lighter in coloration in
CA1 (Fig. 5A). In a similar manner, the same experiment
performed in the presence of caffeine selectively depleted
CICR-sensitive pools in CA2-4, that were lighter in color
(Fig. 5C) than CA2-4 region of controls (Fig. 5B). The
localization of CICR-sensitive pools in mammalian
brain is correlated with the pattern of gliosis seen in the
hippocampus of patients with GD (Fig. 5D).

These sets of experiments were performed to more
clearly define the precise location of the CICR-sensitive
hippocampal neurons. Earlier studies did not define the
CA2 region as belonging to either the IP;-sensitive pool
or CICR-sensitive pool [31-33]. Corroboration of the
CA2-4 neurons as CICR-sensitive allows functional cor-
relation of CA2-4 neurons known to be glutaminergic,
excitatory, that have recurrent, feedback loops and sus-
ceptible to cytotoxic injury (see discussion), with recent
findings documenting sensitization of marked potentia-
tion of ryanodine receptors induced by increased physio-
logic levels of GlcCer [34].

Cortical pathology
The cerebral cortex of the temporal lobe, entorhinal

cortex, parietal lobe, cingulate gyrus, posterior parietal
lobule, and occipital lobe had neuropathological findings

Fig. 6. Cortical layer-specific neuropathology. (A) Type 1 Gaucher disease (Patient 4), cerebral cortex in parietal lobe: laminar astrogliosis involves
cortical layer 5 most consistently. Laminar astrogliosis accentuates the background perivascular astrogliosis along cortical layer 3, but may be diffuse
and less organized in other areas (III) (GFAP, 40x original magnification). (B) Type 2 Gaucher disease (Patient 9), calcarine cortex, stria of Gennari:
a precise, demarcated line of neuronal loss and astrogliosis involves layer 4b, but spares layer 4a and 4c. Pathology involving of all of layer 4 in the
calcarine cortex was not observed. (H&E, 40x original magnification). (C) Type 2 Gaucher disease (Patient 9), calcarine cortex, termination of V1,
stria of Gennari, interface where 4a, 4b, and 4c merge (curved row of dots) into a single layer 4: layer 4b (which corresponds to the stria of Gennari)
has severe neuronal loss and astrogliosis that abruptly terminates at the point where layer 4b ends (H&E, 20x original magnification). (D) Type 1
Gaucher disease (Patient 4), calcarine cortex, V1, stria of Gennari: in type 1 GD, neuronal cell loss is not identified. A laminar region of astrogliosis
along layer 4b, and to a lesser extent, cortical layers 3 and 5 is present (GFAP, 40x original magnification). Scale bars: A, 250 pm; B, 100 pm; C,

1 mm; D, 150 pm.
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in cortical layers 3 and 5 (Fig. 6A, C). Cortical layer 5
was most consistently and prominently affected, whereas
the pathology in layer 3 was more variable (Fig. 6A).
Type 2 GD patients had astrogliosis and scattered, focal,
mild to moderate neuron cell loss while those with type 1
GD disease had astrogliosis without identifiable neuro-
nal loss. Cerebral cortical astrogliosis in type 1 disease
was often mild, and only detected by GFAP immunore-
activity in most of the regions examined (Fig. 6A). The
posterior parietal lobule, temporal lobe, entorhinal cor-
tex, cingulate gyrus, and occipital lobe were most consis-
tently affected. Normal cortical GFAP staining can be
seen in Fig. 2B.

Calcarine cortical layer 4b neurons were affected in a
specific laminar pattern. In brain samples from type 2
GD patients, layer 4b neurons had severe neuronal cell
loss and astrogliosis (Figs. 6B and C). In type 1 GD,
astrogliosis in layer 4b was present, in addition to the
mild layer 3 and 5 cerebral cortical astrogliosis (Fig. 6D).
Layer 4b pathology in type 2 and 3 GD was highly spe-
cific and did not encroach upon layer 4a or 4c, nor layer
4 (outside of V1), beyond the limitation of the line of
Gennari, which corresponds to layer 4b (Fig. 6C). These
findings can be compared with normal calcarine cortex
GFAP staining in Fig. 2C.

General Gaucher disease neuropathology

Perivascular Gaucher cells (Fig. 6B and 7B) and non-
specific white matter gliosis (not shown) were seen in all
14 patients. Non-specific grey matter and perivascular
gliosis was present in 12 of 14 patients (all except
Patients 11 and 12). Laminar cortical pathology of layers
3 and 5 were identified in 13 of 14 patients (excepting the
sensorimotor cortex of Patient 12). Pathology in layer 4
of the calcarine cortex was noted in 12 of 14 patients
(except in Patients 11 and 12). Midbrain, red nucleus gli-
osis was present in 12 of 14 patients (except Patients 12
and 13). In general, patients with type 2 and 3 GD had
more prominent gliosis and larger and more frequent
collections of perivascular Gaucher cells than type 1
patients. The brainstem was evaluated in 11 of 14
patients (except Patients 6, 12, and 13) and was signifi-
cantly and diffusely gliotic in 10. The one exception was
Patient 11 who died of complications of bone marrow
transplantation [35]. His brainstem had only gliosis of
the red nucleus and the white matter tracts located in
close proximity to the red nucleus, including the oculo-
motor tracts. Patients 2 and 14 had prominent, diffuse
gliosis of the brainstem, which included the rostral inter-
stitial nucleus of the medial longitudinal fasciculus
(riMLF) and the paramedian pontine reticular forma-
tion (PPRF). Parenchymal Gaucher cells were present in
the hippocampi and striatum of the three patients with
type 2 GD (Patients 8-10). Rare intraneuronal tubular
structures that stained blue with AB8GX/PAS (Gaucher

cells stain blue on AB8GX/PAS) were identified in the
striatum along the margins of the pallidum and the sub-
thalamic nucleus in Patient 8 (Fig. 7).

Discussion

In this paper, we describe specific and unifying neuro-
pathological features across the spectrum of clinical
types and subsets of Gaucher disease. The most consis-
tent and characteristic regions of pathologyA2-4, and
calcarine layer 4b, were also the most unusual. The spec-
ificity of layer 4b neuronal loss and astrogliosis and the
finding of CA2-4, Lewy body-like synuclein inclusions in
hippocampal pyramidal cell neurons are unique in
pathology. Only a few diseases, dementia with diffuse
Lewy body disease, and neuronal ceroid lipofuscinosis,
specifically target the hippocampal CA2-4 [36,37].
Equally remarkable is the sparingof adjacent regions
such as CA1 in the hippocampus and lamina 4a and 4c
on either side of 4b. The neuronal selectivity and precise
regional borders delimiting injury match the functional
borders of neuronal groups, and suggest that the functional
characteristics of neuronal lamina and regions play a
role in the selectivity. For instance, layer 4b which has
large, recurrent, excitatory glutaminergic feedback sug-
gests a possible selective vulnerability to this type of
injury, but a generalized injury to the entire calcarine 4
layer would suggests injury unrelated to functional char-
acteristics of neuronal lamina. Lastly, the matching dis-
tribution of glucocerebrosidase immunoreactivity, gliosis,
neuronal loss and CA2-4 Lewy body-like synuclein
inclusions in the same hippocampal region, raises the
possibility of a link between the cytotoxic mechanisms in
GD and the formation of Lewy bodies in Parkinson dis-
ease and diffuse Lewy body disease. We discuss these
considerations in detail below.

CA2-4 is susceptible to hyperexcitability, and mitigated
by strong GABAergic interneurons that maintain a
delicate equilibrium

The differences between the CA1 and CA2-4 regions
have been noted since the time of Ramon and Cajal who
designated CA1 as the “regio superior” small cell region
and the CA3 as “regio inferior” large cell region [38].
Hippocampal CA1 pyramidal cell neurons differ from
CA2-4 neurons in a number of ways. Hippocampal CA1
pyramidal cell neurons receive input from layer III
(rather than layer II) of the entorhinal cortex, return
axonal projections back to the entorhinal cortex [39],
have a far weaker and sparser array of recurrent projec-
tions [40,41], and receive no mossy fiber input [41]. CA1
hippocampal pyramidal cell neurons do not branch col-
lateral projections distributed within CA1 [42,43], and
the massive association network present in CA3 is
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largely absent in CAl [41]. In contrast, the CA2-4 hippo-
campal pyramidal cell neurons receive cortical input
from layer 2 of the entorhinal cortex, receive significant
recurrent excitatory glutaminergic projections, and
except for CA2, receive mossy fiber input from the den-
tate gyrus granule cells [44,45]. Each hippocampal CA3
pyramidal cell neuron, on the average, contacts 30,000
60,000 neurons in the ipsilateral hippocampus and
receives 25,000 excitatory glutaminergic synapses [46,47].
Mossy fibers, which have the second largest synaptic
structures in the mammalian CNS, are excitatory, glut-
aminergic, and have a very large input into CA3, as well
as CA4. CA2 receives recurrent, excitatory feedback from
CA3 neurons. In concert with the intrinsic bursting prop-
erties of hippocampal CA3 pyramidal cell neurons, there
is a pronounced positive feedback characteristic that pre-
dominates in the CA2-4 regions [41,48], and produces a
hyperexcitable state that predisposes the CA2-4 region to
large synchronous discharges, initiated within the CA2 or
CA3 regions [39,49-51]. The hyperexcitable state is mod-
erated by the strong inhibitory GABAergic interneurons,
but subtle alterations in the firing properties of neurons
or in the delicate equilibrium between excitation and
inhibition can breach this level of inhibitory control and
result in seizures that spread into CAl [41]. Thus, a small
change in neuronal sensitivity or excitability can result in
aberrant, pathologic hyperexcitability states.

Increased levels of GlcCer increases sensitivity of CA2-4
specific RyaR receptors and potentiates spontaneous
neuronal discharges ( calcium-induced calcium release )

Astrogliosis is a response to a variety of insults to the
brain [52]. In hippocampal sclerosis associated with
hypoxia or ischemia, the entire hippocampus can be gli-
otic with degenerative changes. In mild to moderate
cases, the mid to proximal portion of CA1 is gliotic, and

affected by seizure activity that originates in the CA3-2
excitatory, glutaminergic feedback loops [41]. In GD,
functional biochemical modulating factors, superim-
posed upon the functional anatomic susceptibility to
aberrant excitatory disease states, may affect the locali-
zation of pathology by targeting the CICR-susceptible
neuronal population and augmenting the sensitivity of
selected calcium channel receptors in CA2-4. Biochemi-
cally, IP;-sensitive Ca>* pools localize predominantly to
the CA1l region [31-33,53] and co-localize with the
sarcoplasmic/endoplasmic ~ reticulum  Ca?*-ATPase
(SERCA) [53,54], while the CICR Ca?* pools co-localize
with ryanodine receptor binding sites and ryanodine
receptors (RyaR) in CA2-4 [31-33,53] (Fig.8(2)).
Increased cellular GlcCer augments, modulates and sen-
sitizes the RyaR probably through a redox receptor
mechanism, and potentiates CICR in the CA2-4 regions
[34,55] (Fig. 8(2)). In contrast, CA1 has IP; and SERCA-
sensitive Ca* pools that are insensitive to GlcCer (Fig. 8
(3)) and lack CICR-susceptible, RyaR sensitive Ca>*
pools, subject to GlcCer perturbations. Thus, selective
targeting of CA2-4 may occur through the integration of
the functional anatomy and biochemical characteristics
of hippocampal CA2-4 neurons in the context of GD.
Another potential modulating factor in GD is
decreased CA2-4 glucocerebrosidase activity. Dense 8E4-
antiglucocerebrosidase labeling in CA2-4 indicates high
enzyme levels in this region. High CA2-4 glucocerebrosid-
ase enzyme levels may be necessary to maintain low cyto-
solic GlcCer levels in the CA2-4 pyramidal cell neurons
thereby avoiding continuous augmentation of RyaR. This
is consistent with the high regionally specific expression of
the CICR mechanism in CA2-4 (Fig. 5). In GD, a suffi-
cient decrease in glucocerebrosidase activity would result
in elevated GlcCer that increases spontaneous CICR by
up to 300%, and causes ryanodine calcium channel dys-
function in patients with type 2 Gaucher disease [34].

<

Fig. 7. Cytoplasmic and membrane pathology in neurons from type 2 Gaucher disease patient (Patient 8). (A) One apparent globus pallidus neuron
(arrowhead) is filled and distended by tubular—filamentous structures. The cell is favored to be neuronal rather than monocytic because of the cen-
trally located nucleus that is not displaced to the side, spacing of other neurons, the large size of the cell without an accompanying entourage of peri-
vascular Gaucher cells (H&E 200x original magnification). (B) Low power view of globus pallidus with blue perivascular Gaucher cells (GC), the
usual pink (periodic acid—Schiff staining) neurons, and blue (alcian blue staining) neurons that tinctorially stain the same as Gaucher cells. Alcian
blue 8GX/PAS at pH 2.5 normally stains neurons pink. But in Gaucher disease, isolated neurons, in rare instances, may exhibit a blue staining char-
acteristics identical to Gaucher cells that normally stain blue (alcian blue 8GX/PAS, pH 2.5, 100 x original magnification). (C) High power view of an
alcian blue stained neuron with blue cytoplasm, blue neuronal membrane and neuronal processes (alcian blue 8GX/PAS at pH 2.5, 400 x original
magnification). (D) Close-up view of a neuron with proximal axonal process. Alcian blue stains the membrane and the internal cytoplasmic contents
of the neuron. The internal cytoplasmic structures appear to have a convoluted tubular—filamentous structure (alcian blue 8GX/PAS at pH 2.5, 400 x
original magnification). Scale bars: A, 30 um; B, 50 pm; C, 15 um; D, 15 um.

Fig. 8. Possible downstream effects of glucocerebrosidase dysfunction. Decreased functional glucocerebrosidase activity resulting in elevated intraneu-
ronal glucocerebroside (GlcCer) concentrations could induce a 300% increase (1) [34] in calcium-induced calcium release (CICR) and sensitize, modu-
late and augment the RyaR calcium channel through its redox sensor in hippocampal regions CA2-4 resulting in predisposition to neuronal injury (2)
[34,55]. The IP3-sensitive calcium pools in CAl are relatively insensitive to elevations in GlcCer (3) [34]. GlcCer also perturbs lipid metabolism by
directly stimulating CCT activity (4) [85] favoring phosphocholine (PC) synthesis and increased PC content in neuron cell membranes (5) [85]. One
possible result of increased PC content in cell membranes is the accumulation of a-synuclein protein through decreased a-synuclein binding to trans-
port vesicles [36,62,76,84,86], which can seed the rate limiting step to synuclein inclusion or Lewy body formation (7) [74,75,88]. Glucocerebrosidase
activity is enhanced by negatively charged phospholipids, but PC rich membranes fail to similarly enhance glucocerebrosidase activity (6) [81-83].
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Calcarine cortex layer 4b in GD has similar connectivity
to hippocampal CA2-4 regions and exhibits neuronal loss
and astrogliosis

Layer 4b is a dense fiber plexus lying in between 4a and
4c lamina corresponding to the stria of Gennari in the cal-
carine cortex [56,57]. Calcarine layer 4b receives excitatory
glutaminergic projections from the magnocellular layer of
the lateral geniculate via calcarine layer 4c, and sends
excitatory glutaminergic projections to the middle tempo-
ral visual area (MT) [58-60]. The layer 4b connections to
area MT differ from the usual pattern of visual cortical
feedback loops and interconnections in that the projec-
tions from layer 4b (and deeper part of layer 5) to MT
directly feed back from MT returning to the same layer(s)
and constitute the major direct recurrent excitatory loop
between MT and the visual cortex [61,62]. In addition,
some authors consider Brodmann’s layer 4b to actually be
part of layer III [59,60,63-66]. In the MT projection, a
strong point to point and direct reciprocal projection
from 4b and 2/3a has also been described [58]. Pathology
that is specific to layer 4b suggests that functional neuro-
anatomic characteristics that differentiate layer 4b from
the other lamina 4 layers in the calcarine cortex, may pre-
dispose layer 4b to injury. One major difference in layer 4b
is the large recurrent, excitatory glutaminergic, feedback
loops with area MT, a feature that layer 4b has in com-
mon with the hippocampal CA2-4 region.

GD, Parkinson disease, and diffuse Lewy body dementia
have in common cytotoxic pathogenic mechanisms and
intraneuronal synuclein inclusions

Cytotoxicity is thought to be the major pathogenic
factor in neuronopathic Gaucher disease [34,55,67-69],
idiopathic Parkinson’s disease [70,71], and diffuse Lewy
body dementia [72-76]. Pathology of CA2-3 is shared by
GD and diffuse Lewy body dementia [36,77-79], four-
repeat taupathies [80], and neuronal ceroid lipofuscino-
sis [37]. Thus, type 1 GD by itself, without Parkinson
disease or diffuse Lewy body dementia, type 1 GD with
dementia + Parkinson disease with or without diffuse
Lewy body dementia, or diffuse Lewy body dementia by
itself, have in common CA2-3 region pathology.

In GD, the pathological changes of astrogliosis, neu-
ronal loss, and CA2-4 and cortical Lewy body-like syn-
uclein inclusions, affect the CA4 region as well as the
CA2-3 region. To our knowledge, the presence of Lewy
body-like synuclein inclusions within pyramidal cell neu-
rons of CA2-4 with sparing of CA1 have been reported
only in our current studies. The presence of Lewy body-
like synuclein inclusions in CA2-4 matches exactly the
distribution pattern of neuronal loss and gliosis in GD
that in turn matches the pattern of glucocerebrosidase
enzyme immunolabeling. This raises the possibility of a
common pathophysiologic mechanism.

Increased membrane PC content induced by increased
GlcCer may further reduce glucocerebrosidase activity

Perturbations of lipid synthesis and metabolism may
contribute to cytotoxic effects, GlcCer accumulation,
and Lewy body formation (Fig. §). Membrane phospho-
lipid content affects the activity of glucocerebrosidase.
Negatively charged phospholipids (e.g., phosphatidylser-
ine, phosphatidylinositol) enhance glucocerebrosidase
activity while phosphatidylcholine (PC) lacks the ability
to enhance this activity [§1-83]. Thus, increased cellular
PC may reduce glucocerebrosidase activity (Figs. 8(5)—
(6)). Decreased glucocerebrosidase activity in GD, in
turn, could cause a further reduction in glucocerebrosid-
ase activity through the activation of CTP:phosphocho-
line cytidylyltransferase (CCT) which has been shown to
favor PC synthesis [84]. The finding that GlcCer induces
activation of CCT, suggests a possible pathogenic mech-
anism in GD, involving an overproduction of PC with
resultant PC-rich neuronal cytoplasmic, vesicular and
plasma membranes, effectively causing a further reduc-
tion in glucocerebrosidase activity [85] (Figs. 8(4)—(6)).
Thus, a perturbation in phospholipid metabolism in GD
favoring PC synthesis may further exacerbate the conse-
quences of glucocerebrosidase deficiency and may be a
possible modulating factor among the different GD phe-
notypes.

Increased membrane PC content induced by increased
GlcCer may favor a-synuclein aggregation

Coincidentally, wild-type o-synuclein binds acidic
phospholipids well, but binds neutral phospholipid
(phosphotidylcholine) vesicles poorly [76,86]. Vesicles in
the fast-moving component of axonal transport carry o-
synuclein. However, mutant a-synuclein is devoid of ves-
icle binding activity, resulting in its accumulation in the
neuronal cytoplasm [74,87]. The aggregation and nucle-
ation of mutant and wild-type a-synuclein appears to be
the rate-dependent step in the formation of Lewy bodies
in Parkinson disease and diffuse Lewy body dementia
[75,88]. Thus, elevated GlcCer that increases PC content
in neuronal membranes may also hinder axonal trans-
port of a-synuclein, favoring its aggregation—nucleation
and facilitating Lewy body formation (Figs. 8(5)-(7)).
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