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Gaucher disease has recently received wide attention due to the unexpected discovery that it is a genetic risk
factor for Parkinson’s disease. Gaucher disease is caused by the defective activity of the lysosomal enzyme, glu-
cocerebrosidase (GCase; GBA1), resulting in intracellular accumulation of the glycosphingolipids, glucosylcer-
amide and psychosine. The rare neuronopathic forms of GD (nGD) are characterized by profound neurological
impairment and neuronal cell death. We have previously described the progression of neuropathological
changes in a mouse model of nGD. We now examine the relationship between glycosphingolipid accumulation
and initiation of pathology at two pre-symptomatic stages of the disease in four different brain areas which dis-
play differential degrees of susceptibility to GCase deficiency. Liquid chromatography electrospray ionization
tandem mass spectrometry demonstrated glucosylceramide and psychosine accumulation in nGD brains prior
to the appearance of neuroinflammation, although only glucosylceramide accumulation correlated with neu-
roinflammation and neuron loss. Levels of other sphingolipids, including the pro-apoptotic lipid, ceramide,
were mostly unaltered. Transmission electron microscopy revealed that glucosylceramide accumulation
occurs in neurons, mostly in the form of membrane-delimited pseudo-tubules located near the nucleus.
Highly disrupted glucosylceramide-storing cells, which are likely degenerating neurons containing massive
inclusions, numerous autophagosomes and unique ultrastructural features, were also observed. Together,
our results indicate that a certain level of neuronal glucosylceramide storage is required to trigger neuropatho-
logical changes in affected brain areas, while other brain areas containing similar glucosylceramide levels are
unaltered, presumably because of intrinsic differences in neuronal properties, or in the neuronal environment,
between various brain regions.

INTRODUCTION

Gaucher disease (GD), the most common lysosomal storage
disease (LSD) (1,2), is an inherited recessive metabolic disorder
caused by mutations in acid-3-glucosidase (glucocerebrosidase,
GCase, GBA1)(3), the lysosomal enzyme that cleaves the glyco-
sphingolipid (GSL), glucosylceramide (D-glucosyl-B1-1'-N-
acyl-p-erythro-sphingosine; GlcCer), to ceramide and glucose.
GD patients are classified into three clinical sub-types; type 1
is the chronic, non-neuronopathic form (3) and types 2 and 3

are the acute (4,5) and chronic (6) neuronopathic (nGD) forms
which display central nervous system (CNS) involvement in
addition to systemic disease. An unexpected association
between mutations in the GBA1 gene and Parkinson’s disease
has been recognized recently, in which GD carriers are predis-
posed towards the development of Parkinson’s disease (7).
While type 1 GD patients can be successfully treated with
enzyme replacement therapy, there is currently no effective
treatment for the neurological signs of the disease as the recom-
binant enzyme does not cross the blood—brain—barrier (8,9).
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GlcCer and its deacylated form, psychosine (p-glucosyl-B1-1'-
D-erythro-sphingosine; glucosylsphingosine), accumulate in the
brain in both nGD patients (10,11) and in nGD mice (12—14). It
has been suggested that psychosine accumulation is the primary
event leading to brain pathology in nGD (10,13,15,16), but a sys-
tematic evaluation of the contribution of psychosine and GlcCer to
the initiation of pathological changes in the nGD brain has not
been performed. GlcCer storage in the brain was reported to
occur mainly in perivascular macrophages, and GlcCer storage
within neurons has been considered rare (11,17,18).

We previously described (19) the progression of neuropatho-
logical changes in an nGD mouse model (the Gba®™°; nestin-Cre
mouse) (20), and demonstrated that neuroinflammation (i.e. micro-
glial activation and astrogliosis) is an early event in disease progres-
sion, appearing prior to disease manifestation, and is tightly
correlated with neuron loss (19,21). Interestingly, these pathological
events occur in specific brain areas (such as cortical layer V, also
shown to be affected in human nGD brain) (22), while other brain
areas remain unaffected even at late stages of the disease (19). We
now use two independent techniques, namely liquid chroma-
tography electrospray ionization tandem mass spectrometry
(LC-ESI-MS/MS) and transmission electron microscopy, to assess
the relationship between GSL accumulation and neuropathology.
Our data are consistent with the notion that upon reaching a thresh-
old of GlcCer accumulation, but not of psychosine, certain brain
areas display neuropathology due to intrinsic properties of these spe-
cific brain areas rather than due to differential levels of GlcCer accu-
mulation, and that neuronal GlcCer storage is a critical determinant
of neuronal cell demise.

RESULTS
Sphingolipid profile of the nGD brain

We first examined sphingolipid (SL) levels in different brain
areas to determine the relationship between changes in SL
levels and the development of neuropathology. Brain areas
were chosen based on the extent of pathology (Fig. 1A) (19),
which was quantified by mRNA expression of the microglial
marker, Mac2 (Fig. 1B), previously shown to correlate with
astrogliosis and neuron loss (19), and on levels of residual
GCase activity (Fig. 1C). Two areas, namely the cortex and the
ventral posteromedial/posterolateral (VPM/VPL) region of the
thalamus were designated as areas displaying significant path-
ology, whereas the caudate putamen (CPu) and the periaqueduc-
tal gray (PAG) were designated as areas that did not display
pathology (Fig. 1A). These regions were dissected out such
that their area did not exceed 1 x 1 mm? (apart from the
cortex, which was peeled away using a spatula) (Fig. 1A). Re-
sidual levels of GCase activity were similar in all four areas of
the —/— mouse (Fig. 1C) and were ~10- to 20-fold lower
than in +/— mice (GCase activity levels in +/— mice were
~2-3 pmol/pg protein/min compared with 0.15-0.35 pmol/
wg protein/min in —/— mice). No correlation was observed
between the extent of Mac2-immunostaining or mRNA expres-
sion and levels of residual GCase activity (Fig. 1).

The SL profile of —/— and +/— mice was determined by
LC-ESI-MS/MS in all four brain areas at two different ages,
both of which are prior to disease overt manifestations
[defined herein as the pre-symptomatic stage; see also (19)]:
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Figure 1. Characterization of brain areas used in this study. (A) Immunohisto-
chemical labeling for Mac2 on coronal brain sections from 16-day-old —/—
mice. Brain areas that were subsequently used for biochemical analysis are indi-
cated. No staining was observed in control brains. Scale bar = 1 mm. (B) Quan-
titative PCR analysis of Mac2 mRNA in different brain areas of 14-day-old mice.
Values are means + s.e.m,n = 5. *P < 0.05, **P < 0.01. (C) GCase activity in
nGD brains. Values are means + s.e.m.,n = 3.

10-day-old mice, in which no neuroinflammation is detected
(19,21) and 14-day-old mice, which is soon after the appearance
of the first indicators of neuroinflammation (19,21) but prior to
the appearance of other pathological features (such as reduced
brain weight and reduced cortical thickness) (19). Previous
studies have shown that GlcCer and psychosine levels do not
differ between +/— and +/+ mouse brains (13,20,23), even
though GCase activity is reduced by ~50% in the former (12).
SLs are composed of a sphingoid long chain base (normally
sphingosine or sphinganine) to which a fatty acid is N-acylated
(24); the length of the fatty acid varies between different SLs
(25) and between different tissues (26,27), with brain containing
particularly high levels of C18- and C24:1-SLs (28). Total levels
of GlcCer (i.e. the sum of all of the GlcCer species containing dif-
ferent length fatty acids) were elevated 2- to 3-fold in 10-day-old
—/— mice compared with +/— mice in the CPu, cortex and
VPM/VPL, but not in the PAG (Fig. 2), with an elevation of 7-
to 10-fold in 14-day-old mice in all areas except the PAG, in
which GlcCer levels were elevated by ~4-fold (Fig. 2). Some
variation in GlcCer acyl chain length was observed in +/—
mice, with a relatively high proportion of very-long chain
GlcCer (C22, C24 and C24:1) in the VPM/VPL and PAG com-
pared with the CPu and cortex at 10 days of age (Fig. 2), and a
lower proportion of these species in the cortex of 14-day-old
+/— mice (Fig. 2). The main GlcCer species that was elevated
in —/— brain was C18-GlcCer, which displayed the earliest
and most pronounced elevation. An elevation in very-long
(C22-C24) acyl chain GlcCer was only apparent at 14 days of
age (Table 1). There was no correlation between GlcCer levels
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Figure 2. GlcCer levels and N-acyl chain species in nGD brains. Total GlcCer levels are shown in the upper panels and N-acyl chain length distribution in the bottom

panels. Values are means + s.e.m., n = 4-5.*P < 0.05, **P < 0.01.

and pathology, as the CPu, VPM/VPL and cortex showed similar
levels of GlcCer accumulation, although pathology is apparent
only in the latter two areas.

In contrast to the significant elevation in GlcCer levels between
Days 10 and 14, only a small increase in psychosine levels was
detected between these two ages (Fig. 3). Importantly, no changes
in the extent of psychosine elevation were detected in the VPM/
VPL between Days 10 and 14 (Table 2), even though pathology
becomes very prominent in the VPM/VPL between these two
ages (19). Moreover, total psychosine levels (0.01 + 0.002 pmol/
g protein) in the VPM/VPL region of —/— mice are ~ 140-fold
less than those of GlcCer (1.54 + 0.37 pmol/jg protein).

Apart from minor and sporadic differences, no significant
changes in levels of other SLs were detected, including (i) cera-
mide (Fig. 4), a pro-apoptotic lipid that has been suggested to
play a role in the association between GD and Parkinson’s
disease (29,30), (ii) lactosylceramide (LacCer) (Fig. 4), the
sphingolipid up-stream to GlcCer in the GSL degradative
pathway, (iii) galactosylceramide (GalCer) and (iv) sphingo-
myelin (SM) (Fig. 5). Minor changes were seen in the ceramide
acyl chain length in the VPM/VPL of 14-day-old —/— mice
(with C16-ceramide elevated by ~2.5-fold, C18-ceramide ele-
vated ~1.4-fold and C20-ceramide eclevated ~1.4-fold),
which might reflect changes in the cellular composition of this
area due to infiltration and proliferation of immune cells (19).
Some minor changes were also observed in the GalCer acyl
chain length in the CPu (C16-GalCer was elevated ~1.5-fold,
C18-GalCer was elevated ~1.9-fold) and in the cortex of
14-day-old —/— mice, in which C18-GalCer was elevated
~1.5-fold. C16-SM was elevated in the cortex (~1.3-fold) and
in the VPM/VPL (~1.8-fold elevation). Finally, no changes
were detected in levels of the long chain bases sphingosine,
sphinganine, sphingosine-1-phosphate and sphinganine-1-
phosphate between +/— and —/— mice at 10 or 14 days of

Table 1. Fold-change of GlcCer species in different brain areas at different ages

GleCer 10-day-old mice 14-day-old mice

N-acyl chain Ratio (—/— Ratio (—/—

length versus +/—) P-value versus +/—) P-value

CPu
Cl6 30+ 1.3 ns 69+ 1.7 <0.01
Cl18 57+ 1.8 <0.01 109+2.6 <0.005
Cl18:1 1.6 + 1.0 ns 16.1 + 7.6 <0.005
C20 1.8+ 04 ns 3.1+0.6 <0.001
C22 1.9+ 0.9 ns 1.6 +04 <0.05
C24 1.24+0.1 ns 1.6 £ 0.0 <0.005
C24:1 1.6 + 0.9 ns 20+04 <0.05

Cortex
Cl6 2.6 +0.9 <0.01 13.1+3.7 <0.005
Cl18 43+2.1 <0.01 112423 <0.005
Cl18:1 1.34+0.2 ns 21 £9.6 <0.01
C20 28+ 1.1 ns 53+0.7 <0.001
C22 09+0.2 ns 26+04 <0.001
C24 1.1+02 ns 23+04 <0.01
C24:1 24410 ns 33408 <0.01

VPM/VPL
Cl6 1.6 £ 0.3 <0.05 10.0+25 <0.001
Cl18 28408 <0.05 239476 <0.001
Cl18:1 0.3+0.1 ns 9.8 +3.7 <0.001
C20 1.1+04 ns 73+2.0 <0.005
C22 1.0+0.2 ns 35+1.2 <0.010
C24 324 1.1 ns 21106 <0.010
C24:1 1.1+0.2 ns 14+02 n.s

PAG
Cl6 22405 <0.05 47+29 <0.05
Cl18 20+ 04 <0.001 67+24 <0.05
Cl18:1 59425 <0.05 47+3.0 ns
C20 34420 ns 39+ 1.1 <0.05
C22 3.6+0.8 ns 1.6 +0.3 ns
C24 48+2.6 <0.05 1.34+03 ns
C24:1 6.2+ 27 ns 13+04 ns

Values are means + s.e.m. n = 4—5. ns = not significant.
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Figure 3. Psychosine levels in nGD brains at 10 and 14 days. Values are means + s.e.m.,n = 4-5.*P < 0.05, **P < 0.01.

Table 2. Fold-change of psychosine in different brain areas at different ages

10-day-old mice 14-day-old mice

Ratio (—/— versus +/—)  P-value  Ratio (—/— versus +/—)  P-value
CPu

21405 ns 37+ 1.0 <0.05
Cortex

2.6+0.5 <0.05 7.1+3.1 <0.01
VPM/VPL

28+ 1.0 ns 25407 <0.05
PAG

1.54+03 ns 204+04 ns

Values are means + s.e.m. n = 4—5. ns = not significant.

age (Fig. 6). Together, the LC-ESI-MS/MS data indicate that a
certain level of GlcCer accumulation, but not of psychosine, is
required to trigger neuropathological changes in specific brain
areas, while other brain areas containing similar GlcCer levels
are unaffected.

Ultrastructural evaluation of GlcCer storage
in the nGD brain

To investigate the cellular and subcellular localization of GleCer
accumulation, we examined the cerebral cortex and VPM/VPL
of 14, 18 and 21-day-old —/— mice by transmission electron mi-
croscopy. GlcCer accumulation (31,32) was readily apparent in
cortical neurons from 14-day-old mice (Fig. 7). Fibrils and char-
acteristic ‘pseudotubular’ structures, also referred to as ‘twisted
tubules’ and attributed to GlcCer accumulation (31,32), were
frequently found in the cell body of large neurons (Fig. 7A—F),
but were never observed in control mice. When viewed in trans-
verse (Fig. 7C), the diameter of individual pseudotubules was
300—-400 A, consistent with the reported size for GlcCer
storage tubules (3,31). The inclusions often resided near the
nucleus (Fig. 7A—F) without a particular orientation, but also
extended into the base of dendrites (Fig. 7G). The storage mater-
ial was present in a membrane-delimited, vacuolar compartment
and varied in density from sparse (Fig. 7A—D) to dense (Fig. 7E
and F). Few, if any, pseudotubules were found in the cytoplasm
(Fig. 7G). nGD cortical neurons, with or without pseudotubules,
displayed some distension of endoplasmic reticulum (ER) cister-
nae (Fig. 8). Other cytoplasmic inclusions were occasionally
present in nGD neurons (e.g. Fig. 7B) but these were not defini-
tively more abundant than in control neurons.

A more severely affected cellular phenotype, displaying
highly extensive cytoplasmic inclusions, was observed in the
cortex and thalamus, particularly of 18 and 21-day-old mice
(Figs 9 and 10). These cells did not appear to be astrocytes, oli-
godendrocytes or microglia since they did not display fibrillar
intermediate filaments or conspicuous glycogen granules
typical of astrocytes (33), dark or heterochromatic nuclei or
electron-dark cytoplasm typical of oligodendrocytes or micro-
glia (33), or a dilated nuclear envelope typical of oligodendro-
cytes (33). While not as immediately identifiable, these cells
were most-likely neurons displaying a distinct morphology
resulting from advanced pathology. Large accumulations of
densely packed pseudotubules were observed in these cells
(Figs 9 and 10), sometimes as one inclusion body that reached
a size as large as the nucleus (Fig. 9G) and that displayed an ir-
regular, curvilinear contour (Figs 9A and G, and 10A and D).
Inclusions contained pseudotubules at varied orientations,
resulting in round, oblong and rod-like shapes (Fig. 9D and F)
upon sectioning, and ranged from ~250 to 400 A in diameter.
Long, thin meandering membrane-bound extensions arose
from, and often appeared to link separate pseudotubular inclu-
sions (Figs 9D and E, and 10A). Furthermore, some extensions
were continuous with the plasma membrane, suggesting the
inclusions were accessible to the extracellular space (Figs 9B
and 10A).

In addition to the significant degree of GlcCer storage, these
neurons showed additional pathology with signs of degener-
ation. The cytoplasm revealed many varied electron-dense
inclusions and lighter vacuolar bodies (Figs 9A, D and F, and
10A and D). In most cases, these structures, together with pseu-
dotubules, formed a large, pleiomorphic, membrane-delimited
body (Fig. 10A and D). Autophagosomes were also abundant
(Fig. 10) and were observed to fuse with the larger pleiomorphic
masses (Fig. 10B). Not uncommon for normal neurons, long and/
or parallel cisternae of ER were often present (Figs 9A, C and G
and 10A), but appeared unusually narrow (e.g. Fig. 9C). Nuclei
were located eccentrically in the cell body and were oval, bean-
shaped or indented rather than round. Nucleoli characteristic of
neurons were present, though located eccentrically in the
nucleus, and the karyoplasm was heterochromatic, with con-
densed chromatin lining the nuclear envelope (Figs 9A and G
and 10A inset, D). Some neurons displayed more than one
nuclear profile (Fig. 10D), though it is possible that these were
components of an indented nucleus disrupted in shape by the
large inclusions. Multiple, relatively narrow cytoplasmic exten-
sions arose from the cell body, sometimes branching immediate-
ly (Figs 9C and 10D). The autophagic activity, abnormal nuclear
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Figure 5. Galactosylceramide and sphingomyelin levels in nGD brains at 10 and 14 days. Values are means + s.e.m., n = 4-5.

findings and atypical cytoplasmic extensions suggest that these
heavily storage-laden neurons may have been in the process of
undergoing cell death.

DISCUSSION

Inthe current study, we delineate the relationship between SL ac-
cumulation and the development of brain pathology in nGD, by
providing LC-ESI-MS/MS data on the SL content of specific
brain areas that display different degrees of pathology, and by
ultrastructural examination of GlcCer storage and associated
cytopathology. Since data obtained from human patients is nat-
urally limited to post-mortem tissue from end-stage disease
(10,11,18), the use of mouse models provides an important

tool for analyzing changes in the lipid and ultrastructural profiles
inpre-symptomatic stages, and in particular, for comparing these
changes with other pathological processes such as neuron loss
and neuroinflammation. The nGD mouse model that was used
in the current study was the Gbaﬂo"/ﬁox;nestin—Cre mouse, in
which GCase deficiency is restricted to neurons and macroglia,
with normal GCase activity in microglia (20,34). This model
was used since a complete GCase knock-out mouse dies hours
after birth due to skin permeability defects (reviewed in 34),
and disease progression in a mouse in which GCase activity is
restored in skin tissue is extremely rapid (20,34), rendering it dif-
ficult to distinguish the different disease stages.

Prior to mass spectrometry and ultrastructural analyses, a set
of experiments was performed to analyze GlcCer accumulation
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in situ using the Periodic acid-Schiff (PAS) stain, which labels
tissue carbohydrates (35) and has been widely used to label
‘Gaucher cells’ (i.e. peripheral macrophages which store large
quantities of GlcCer) (36). PAS staining in the —/— brain was
evident in all brain areas that exhibited neuroinflammation and
neuron loss (19), and in many cases appeared in cells that dis-
played neuronal morphology. However, closer examination sug-
gested that PAS might be labeling degenerating neurons
irrespective of whether these cells accumulated GSLs (37), pos-
sibly due to changes in carbohydrate metabolism upon neuronal
degeneration (38). Thus, although PAS staining can be used to
detect GlcCer accumulation in viable Gaucher tissues, its use
in the CNS may be problematic. Direct visualization of GlcCer
accumulation in nGD brains awaits the availability of suitable
tools, such as reliable anti-GlcCer antibodies or in sifu mass
spectrometry techniques.

Although previous studies have used mass spectrometry to
examine SL levels in Gaucher brain, they did not distinguish
between brain areas that did or did not display pathology, but
rather measured global changes in brain SLs (14,39). In contrast,
we analyzed SL levels in specific brain areas that displayed
selective vulnerability, and at specific time-points of disease pro-
gression. As previously reported (for example 10,11), we dem-
onstrate that GlcCer and psychosine specifically accumulate in
nGD brain, and that LacCer levels are slightly elevated (10).
However, there was no correlation between levels of ceramide
(40), sphingoid long chain bases or psychosine, and neuronal
loss. Loss of GCase activity did not lead to a reduction in cera-
mide levels, suggesting that GCase does not significantly con-
tribute to cellular ceramide levels, at least in nGD. Moreover,
ceramide levels are unlikely to be altered in GD carriers, render-
ing it highly unlikely that changes in cellular ceramide levels
contribute to the mechanistic connection between GD and Par-
kinson’s disease (29,30).

The mass spectrometry data are consistent with a model,
whereby GlcCer accumulates to a similar extent in most brain
areas, and the reason for selective vulnerability is largely due
to intrinsic differences in the neurons in different brain areas,
or due to differences in the neuronal environment. Although psy-
chosine accumulates in nGD brain tissues at a pre-symptomatic
stage, there was no correlation between its levels and the appear-
ance of neuropathology, which was somewhat surprising since
psychosine has been implicated as the offending lipid in nGD,
accumulates significantly in human and mouse brain (10,14),
and appeared to correlate with the degree of severity of nGD
signs in human patients (10,15). Addition of psychosine to a cul-
tured cholinergic neuron-like cell line, LA-N-2, led to cell death
(16), but the levels used (1—10 ™M) were significantly higher
than those reported in the nGD human brain (41). The fact that
psychosine levels are ~ 140-fold lower than GlcCer levels, and
that psychosine levels do not progressively accumulate at the
critical time of disease initiation in the nGD mouse, strongly
suggest that it is not the causative pathological agent.

Other studies reported a greater fold-elevation in psychosine
(13—15) levels. However, the absolute levels of psychosine in
our study compare favorably with other published data. For in-
stance, the first measurement of psychosine in human post-
mortem Gaucher brain gave values in the range of 0.05 nmol/
mg protein, similar to our values. Other studies in human and
mouse brain gave values about 50-fold higher. It should be
noted that our data was obtained from pre-symptomatic brain
tissues from a mouse model in which only a subset of brain
cells (i.e. those from a neuronal lineage) were depleted of
GCase, in which psychosine levels are likely to be lower than
in mouse models completely deficient in GCase or from
human tissues obtained post-mortem.

In addition to the quantitative measurements performed by
LC-ESI-MS/MS, we analyzed GlcCer accumulation by electron
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Figure 7. Ultrastructure of GlcCer storage in nGD neurons. Neurons were from the cerebral cortex of —/— mice at 14 (A—F) and 21 (G) days of age. (A—D) A prom-
inent vacuolar inclusion (arrows in A) in the perikaryoplasm of a large neuron to the left of the nucleus, containing dilute arrays of fibrils and pseudotubules, most
of which are longitudinal but sometimes transverse as in the upper vacuole (arrowhead in A), which is probably a continuation of the same membrane-bound com-
partment indicated by the arrows. (B—D) Higher magnifications of the inclusions so as to resolve the encompassing membrane and the tubular appearance of its con-
tents (C and D) seen in cross-section in (C) (arrowheads). An unrelated inclusion body (arrow) is also present in (B). (E and F) A large neuron with an inclusion body
(arrows) (~9 pwm in length) showing more densely packed pseudotubules. A rounded vacuole in (F) includes dense fibrils (arrowhead) that might correspond to flat-
tened GlcCer bilayer stacks (32). (G) A neuron with pseudotubules (arrows) running into a process which is not clearly membrane-delimited (further magnified in the

inset). Scale bars are all 2 wm except for (C) and (D) which are 0.5 pm.

microscopy, and observed significant accumulation in neurons.
Fibrils and pseudotubules were of the expected diameter and were
similar to those previously observed (11,12,17,23,31,32,42,43).
The tubules are formed by a series of parallel membrane-like
bilayers composed of GlcCer, and are twisted longitudinally,
giving the impression of tubular structures (32). To our knowl-
edge, such structures have not been found in other lysosomal
storage disorders. The existence of such structures within
neurons has been debated, and when shown, were relatively rare
(11,12,17,18,23,42). In the current study, we detected common
neuronal inclusions in the cerebral cortex; however, the neuronal

inclusions were not always large or electron dense, making it rela-
tively easy to miss them.

In peripheral Gaucher cells, pseudotubules are found as
membrane-bound inclusions, although discontinuities in the
limiting membrane have been reported (43). Non-membrane
bound cytosolic fibrils and pseudotubules have been reported
in neurons (42) and in perivascular cells in human CNS tissue
(44), but it has also been suggested that these were misidentified
cytoskeletal elements (11). We now show that pseudotubules in
neurons are contained within a membrane-bound compartment,
with only rare evidence of unbound material in the cytosol. The
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Figure 8. Distention of ER cisternae innGD neurons. Sample arrays of rough ER in cerebral cortex neurons of (A) +/— and (B) —/— mice at 14 days of age. Scale bars

are 2 pm.

Figure 9. Neurons showing progression of storage and additional pathology. Samples were from the cerebral cortex of nGD mice at 18 days of age (A—F) and from the
VPM/VPL at 21 days of age (G). (A) A cell with a modestly heterochromatic nucleus (arrow) and an eccentric nucleolus showing numerous pseudotubular inclusions
(arrowhead), or amassed with other inclusions (lower left-half). (B) A magnification of the lower-left corner of (A) shows some inclusions that are continuous (arrow-
head sequence) with the plasma membrane and extracellular space (electron-lucent area in lower left). (C) A magnification of the upper right region of the cell shown
in (A) shows cytoplasmic extensions (dots mark the cell perimeter). Note the presence of long, relatively-narrow ER cisternae (indicated by arrowheads). (D—F)
Enlargement of portions from the lower part of the cell shown in (A) shows morphologically diverse constituents (D and F), separate inclusion bodies tethered together
through narrow extensions (arrowheads in D and E), and bodies containing densely packed arrays of pseudotubules at various orientations (arrows in D and F).
(G) A cell with a somewhat heterochromatic nucleus (arrow) and huge inclusion (arrowheads) of up to ~12 wm in length, containing densely packed pseudotubules,
many of which are oriented longitudinally. Scale bars: (A) 4 pm; (B) 1 pm; (C and G) 2 pum; (D-F) 0.5 pm.

dominant view for the identity of the vacuolar compartment in
Gaucher cells is the lysosome (23,43), although evidence has
been obtained that GlcCer can also accumulate in the ER
(11,41,42,45); however, the extent of ER accumulation was
not sufficient to activate the unfolded protein response (UPR),
atleast in neuronal models of nGD (46). We now find further evi-
dence that neurons from nGD mice display dilations of ER

cisternae (11,42) at early stages of storage. Further studies,
using specific immunohistochemical markers together with
quantitative imaging approaches, will be required to clarify the
involvement of the ER in the development of nGD pathology.
We also document a more severe neuronal phenotype, which
was more prominent in the latter stages of the disease. These
neurons displayed huge pseudotubular structures of the expected
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Figure 10. Additional ultrastructural features of highly disrupted neurons. Samples were from the cerebral cortex of nGD mice at 18 days of age. (A) A cell with a large
mass of pseudotubules (arrow) and one very large (~7 pm) membrane-bound, pleiomorphic inclusion (curved arrow). The cell nucleus, cut off at the upper right, is
shown fully in the inset. The large, independent pseudotubule mass shows an extension (thin arrow) leading to another small inclusion. The path of another longer
extension suggests continuity with the plasma membrane and extracellular space (arrowheads). The cell has several autophagosomes (on the right of the asterisks).
(B and C) Magnifications of two autophagosomes from the cell shown in (A), with both showing a double membrane and one (B) in the process of fusing with the
pleiomorphic body on its right. (D) This cell also shows a large pseudotubule-containing body (arrow), a pleiomorphic membrane-bounded mass (curved arrow)
(up to 8 m), several short cytoplasmic extensions (upper and lower right) and numerous autophagosomes (thin arrows). The cell displays two heterochromatic
nuclear profiles (arrowheads). Scale bars: (A), (A) inset, (D) 2 wm; (B and C) 0.5 pm.

size for GlcCer deposits (31,43), but were more compact than
those found in neurons that displayed more modest storage,
and resembled pseudotubular structures from peripheral
Gaucher cells (17,32) and macrophages (12,23). When caught
attransverse angles, collections of pseudotubules also resembled
cross-sections of GlcCer deposits isolated from human spleen
Gaucher cells (32). Interestingly, the irregular profile of these
inclusions, and the pattern of interconnectivity between them,
resembles that previously observed in diseased microglia (23).
Although it might be argued that the severely affected cells
that we observe are microglia that phagocytosed dead neurons,
we consider this unlikely since their overall ultrastructure did
not match that of microglia (33). Moreover, the persistence of
very large pseudotubular inclusions independent of putatively
phagocytosed material is inconsistent with the fact that micro-
glia in the mouse model employed in the current study express
normal GCase activity (20).

Overall, the ultrastructural observations suggest that neurons
accumulate GlcCer fibrils and pseudotubules in vacuolar com-
partments and then continue to further develop larger, denser
masses of pseudotubules. The additional varied inclusions,
often seen as one pleiomorphic body, might be due to a more gen-
eralized disturbance in lysosomal function (47). Indeed, a recent
study suggested that the autophagic machinery is defective in
cultured neurons lacking GCase (48). The frequent presence of
numerous autophagosomes, which were also seen to fuse with
the pleiomorphic inclusions, supports the idea that this large
body may be forming as part of the course of cell death. The

presence of numerous small cytoplasmic extensions, nuclei
which are relatively heterochromatic for neurons and situated
eccentrically in the perikaryoplasm, and evidence of more
than one nuclear profile, lend additional support to the view
that these are degenerating neurons. Similar to the dense
pseudotubule-containing compartments continuous with the
plasma membrane, rare evidence of large inclusions situated
near the plasma membrane have been reported in human periph-
eral Gaucher cells (43). We contend that the long continuities in
neurons, together with the cytoplasmic extensions, are likely to
represent the beginning of cytoplasmic fragmentation as an early
event of cell death. In summary, the EM findings suggest that
neuronal GlcCer storage may be more significant than previous-
ly thought. Moreover, pending definitive identification and
further evaluation of degenerative changes, the ultrastructural
studies imply that intrinsic storage is a major determinant of
neuronal cell demise.

Together, the current study is consistent with a model,
whereby GlcCer accumulates to a similar extent in most brain
areas, and upon reaching a certain threshold of accumulation, a
series of secondary events is triggered which includes neuroin-
flammation and neurodegeneration (19,21) that subsequently
cause neuronal death (19). However, this cascade is only trig-
gered in specific brain areas, which reflects their sensitivity to
GlcCer accumulation, presumably due to an intrinsic property
of the neurons in that brain area. Within an affected brain area,
neuronal GlcCer storage appears to be a substantial contributor
to neurodegeneration. Understanding the basis for this selective
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sensitivity and the precise biochemical pathways triggered in
neurons by GlcCer storage will be in the focus of further studies.

MATERIALS AND METHODS
Mice

Gba®1°%; nestin-Cre mice were used as a model of nGD, in which
GCase deficiency is restricted to neurons and macroglia with normal
GCase activity in microglia (20). Gba™¥°* mice were crossed with
Gba™™; nestin-Cre mice to generate Gba™™*; nestin-Cre mice
(referred to as —/— mice) and Gba™™'; nestin-Cre mice (referred
to as +/— mice), which served as healthy controls since they do not
show any overt pathology (19). Genotyping was performed by poly-
merase chain reaction using genomic DNA extracted from mouse
tails (46). Mice were maintained under specific pathogen-free con-
ditions and handled according to protocols approved by the Weiz-
mann Institute Animal Care Committee according to international
guidelines.

Immunohistochemistry

Mac?2 immunohistochemical staining was performed as described
previously (19), using a rat anti-Mac2 antibody (1:1000, Cedar-
lane, Ontario, Canada).

Sample preparation for biochemical analysis

Ten and 14-day-old mice were sacrificed and their brains
removed and placed on a Young Mouse Brain Slicer Matrix
(BSMYSO001-1, Zivic instruments, Pittsburgh, PA, USA).
Single-edge razor blades were inserted into the matrix to gener-
ate 1 mm coronal sections. The sections containing the areas of
interest were snap-frozen on dry ice,and a 17 g (1 mm diameter)
blunt needle attached to a syringe was used to remove the CPu,
VPM/VPL region of the thalamus, and the PAG. The cerebral
cortex was separated using a spatula from the same section con-
taining the VPM/VPL. Each brain area was placed in a microcen-
trifuge tube, snap-frozen in liquid N, and stored at —80°C. All
dissection tools were first cleaned with surface decontaminant
RNase Away (Molecular BioProducts, Inc., San Diego, CA,
USA).

RNA extraction and quantitative polymerase chain reaction

Total RNA was isolated using the RNeasy mini kit (Qiagen
GmbH, Hilden, Germany) according to manufacturer’s instruc-
tions, which included DNase treatment and addition of
B-mercaptoethanol. cDNA synthesis was performed using the
Reverse-iT first-strand synthesis kit (Thermo Fisher Scientific,
Surrey, UK) using random decamers. cDNA products were
stored at —20°C. Quantitative polymerase chain reaction
(PCR) was performed using PerfeCTa SYBR Green FastMix
(Quanta BioSciences, Gaithersburg, MD, USA) and an ABI
Prism 7300 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA). The primer concentration was 13 nM in
a reaction volume of 20 pl and cDNA equivalent to 2—20 ng
of total RNA. Each reaction was performed in triplicate. The
thermal cycling parameters were as follows: step 1, 95°C for
10 min; step 2, 95°C for 15 s, 60°C for 30 s and 68°C for 30 s.

Step 2 was repeated for 40 cycles and was followed by a dissoci-
ation step. Fold-change in mRNA levels was calculated using the
comparative cycle threshold method using TATA box binding
protein (TBP) for normalization. P-values were calculated
using a two-tailed, two-independent sample Student’s #-test.
Primers sequences were as follows:

TBP: forward: 5'-TGCTGTTGGTGATTGTTGGT-3’; Reverse:
5'-CTGGCTTGTGTGGGAAAGAT-3’; Mac2 (LGALS3):
Forward: 5-CACTGACGGTGCCCTATGAC-3’; Reverse:
5'-AACAATCCTGTTTGCGTTGGG-3'.

GCase activity assay

Frozen brain samples were sonicated in Mcllvaine’s buffer
(0.1 M citric acid, pH 4.2, 0.2 M Na,HPO,, 29:21, vol:vol)
and protein concentration estimated by the BCA protein assay
reagent (Pierce Chemical Co., Thermo Scientific, Rockford,
IL, USA). Tissue homogenates containing 25 or 50 wg of
protein were incubated at 37°C with 8 um C6-NBD-GlcCer
(Avanti Polar Lipids, Alabaster, AL, USA) in a final volume of
50 wl Mcllvaine’s buffer (49) for 3 or 1 h, respectively (50).
Reactions were terminated by addition of three volumes of chlor-
oform:methanol (1:2, vol:vol). Lipids were extracted (51) and
the lower phase separated by thin layer chromatography using
chloroform:methanol:9.8 mm CaCl, (60:35:8, vol:vol:vol) as
the developing solvent. C6-NBD-ceramide was identified with
an authentic standard using a Typhoon 9410 variable mode
imager and bands were quantified by Image-QuantTL (GE
Healthcare, Chalfont St Giles, UK).

Sphingolipid analysis

LC-ESI-MS/MS was performed using an ABI 4000 quadrupole-
linear ion trap mass spectrometer (52,53) using sphingolipid in-
ternal standards from Avanti Polar Lipids (Alabaster, AL, USA).
The standard used to reference the MS data for the quantitation of
psychosine was a chemically defined glucosyl (83) sphingosine
(d18:1). P-values were calculated using a one-tailed or two-
tailed, two-independent sample Student’s 7 test.

Transmission electron microscopy

Mice were anesthetized and perfused transcardially with 2% par-
aformaldehyde, 1.5% glutaraldehyde in 0.1 M cacodylate buffer,
pH 7.4. Brains were dissected and post-fixed in the same solution
for 24 h at 4°C and then embedded in 7% agarose and sectioned
(200 pm) using a vibratome (Electron Microscopy Sciences,
Hatfield, PA, USA). Sections were incubated in 1% osmium tet-
roxide in 0.1 M cacodylate (1 h), stained with 2% uranyl acetate
inwater (1 h) and dehydrated in graded ethanol solutions. A 17 g
blunt needle was used to remove the VPM/VPL; the cerebral
cortex was separated from the same brain section and the
tissues were embedded in Epon 812 (Electron Microscopy
Sciences, Fort Washington, PA, USA). 70—-90 nm sections
were cut using an ultramicrotome (UCT, Leica, Wetzlar,
Germany). Sections were examined using a SPIRIT Transmis-
sion Electron Microscope (FEI, Eidhoven, Netherlands) and
digitized with an EAGLE CCD camera using TIA software
(FEI, Eidhoven, Netherlands), or with a Phillips CM 10 transmis-
sion electron microscope equipped with a Morada 14-bit digital



camera and iTEM software (Olympus Soft Imaging Solutions)
for direct image acquisition. The sections that were examined
were from the cortex of 14-day-old nGD mice (n = 2), cortex
and VPM/VPL from 18-day-old nGD mice (n = 1), cortex
from 21-day-old nGD mice (n = 2) and control (+/—) mice
from the same ages. Images were prepared using Adobe Photo-
shop CS2 software to convert data to 8-bit, and to adjust bright-
ness and contrast (with gamma factor fixed to 1) to achieve
suitable visibility of ultrastructural details.
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