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Abstract

Genetic and chemically induced neuronopathic mouse models of Gaucher disease were developed
to facilitate understanding of the reversibility and/or progression of CNS involvement. The lethality
of the skin permeability barrier defect of the complete gene knock out [gba, (glucocerebrosidase)
GCase] was avoided by conditional reactivation of a low activity allele (D409H) in keratinocytes
(kn-9H). In kn-9H mice, progressive CNS disease and massive glucosylceramide storage in tissues
led to death from CNS involvement by the age of 14 days. Conduritol B epoxide (CBE, a covalent
inhibitor of GCase) treatment (for 8-12 days) of wild type, D409H, D409V or VV394L homozygotes
recapitulated the CNS phenotype of the kn-9H mice with seizures, tail arching, shaking, tremor,
quadriparesis, extensive neuronal degeneration loss and apoptosis, and death by the age of 14 days.
Minor CNS abnormalities occurred after daily CBE injections of 100 mg/kg/day for 6 doses, but
neuronal degeneration was progressive and glucosylceramide storage persisted in D409V
homozygotes in the 2 to 5 months after CBE cessation; wild type and D409H mice had persistent
neurological damage without progression. The persistent CNS deterioration, histologic
abnormalities, and glucosylceramide storage in the CBE-treated D409V mice revealed a threshold
level of GCase activity necessary for the prevention of progression of CNS involvement.
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INTRODUCTION

In Western countries neuronopathic Gaucher disease occurs in ~6% of Gaucher patients [1].
The major CNS pathology in types 2 and 3 disease includes brainstem dysfunction, neuronal
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degeneration and neuronal loss [2-6]. Some of these patients develop a progressive
encephalopathy that is neocortical in origin [6,7]. The visceral phenotype in neuronopathic
variants can range from mild to severe, and occasionally with little storage material in organs
outside the brain [8]. The molecular and cellular bases for the phenotypic variation and the
progression of the neuronopathic features in Gaucher disease are poorly understood.

The most severe neuronopathic variants are fatal in humans and often are caused by GBA
mutations that express no acid p-glucosidase (glucocerebrosidase, GCase; EC3.2.1.45) protein
[9,10]. Few studies are available from human tissues that correlate neuronopathic progression,
pathologic involvement, and the clinical manifestations [11,12]. To fill this void, several mouse
models with GCase null or point mutations or chemical inhibition were developed [13-16].
The GCase-null mutations exhibited a defective skin permeability barrier, similar to that in
collodion babies [17-19]. Skin permeability barrier defects lead to death shortly after birth and
have limited their utility in understanding the pathogenesis in CNS of type 2 and 3 Gaucher
disease [13,14]. In our previous studies, the presence of a neo selection marker in intron 8 of
gba produced a null allele for GCase, irrespective of the introduced missense point mutation
in exon 9. All these neo-containing gba-mutant mice died within 24 hours of birth with skin
permeability barrier defects [16] similar to that in the full knock-out [13]. This observation led
to the potential approach of producing a GCase null mouse, involving all tissues, except skin,
by excising the floxed loxP-neo cassette in skin with a keratin promoter-driven Cre
recombinase. Such a mouse is used here to evaluate the visceral and CNS effects of GCase
null, except in specific skin cells.

The GCase irreversible inhibitor, conduritol B epoxide (CBE), has been used to chemically
induce a Gaucher-like phenotype in WT mice [15]. CBE is structurally related to inositol,
crosses the blood brain barrier [15], has a high degree of specificity for GCase [15,20,21], and
can induce the biochemical [9,22], clinical [9,15] and histologic characteristics of Gaucher
disease in neurons [3]. The CNS signs in these mice included tail arching and high amplitude
action tremor suggesting gray matter lesions [15]. This chemical model could provide a
conditional approach to evaluating the neuronopathic mechanisms, the relationships of the
pathophysiological progress of the CNS phenotypes, and the therapeutic approaches for
neuronopathic Gaucher disease.

Here, CBE was used in combination with WT or low activity (D409V, D409H and V394L)
GCases to evaluate the initiation and propagation of CNS Gaucher-like lesions during GCase
inhibition as well as during “recovery” to the respective endogenous GCase activity levels.
Such a conditional system allows for “reconstitution” of GCase activity in all cells to the
respective steady state levels derived from the mutant gba allele. This system would facilitate
the evaluation of the critical threshold levels of GCase that are necessary and potentially
sufficient, to reverse and/or prevent progression of CNS lesions. The defined threshold level
could be used as a benchmark for enzyme reconstitution approaches to treat such disorders.
Such studies show that initial CNS lesions are not reversible, even by reestablishment of the
endogenous GCase activity to WT levels upon withdrawal of CBE inhibition. Many of the
CBE-induced phenotypic, histological and biochemical abnormalities progress during
recovery (i.e., absence of CBE) to mutant or WT level, if the accumulated substrate
glucosylceramide (GC) could not be degraded by the endogenous GCases.

MATERIALS AND METHODS

Materials

The following were from commercial sources: Conduritol B epoxide (CBE, Calbiochem, San
Diego, La Jolla, CA). 4-methyl-umbelliferyl-p-D-glucopyranoside (4MU-GlIc; Biosynth AG,
Switzerland). Sodium taurocholate and Protease Inhibitor Cocktail (Calbiochem, La Jolla,
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CA). Triton X-100 and primulin (Sigma, St. Louis, MO). PVDF membrane (Millipore,
Bedford, MA). Alkaline phosphates (AP)-conjugated goat anti-rabbit IgG and AP-developing
reagents A & B (Bio-Rad, Hercules, CA). Antibody sources were as follows: Anti-INFy, CCL3,
CD68, and IL-4 (Serotec, Raleigh, NC); Anti-Arg2 (Santa Cruz Biotechnology, Santa Cruz,
CA); Goat anti-rabbit or -rat-biotinylated and streptavidin-Alexa Frou-610 (Molecular Probes,
Irvine, CA); Mouse anti-neuronal nuclei (NeuN) monoclonal antibody (Chemicon, Temecula,
CA); Goat anti-rabbit-FITC (ICN/CAPPEL, Aurona, OH); Rabbit anti-Cre (Novagen,
Madison, WI); Goat anti-Keratin 14 (Covance, Berkeley, CA); TUNEL labeling kit (R&D
system, Minneapolis, MN); ABC Vectastain and DAB peroxidase (Vector, Burlingame, CA).
Rabbit anti-mGCase (mouse GCase) antiserum was raised to purified mature mGCase protein
that had been expressed in pET21/BL21 system and purified by absorbance against fibroblast
lysates from GCase null mice in our laboratory.

Kn-9H mice and genotyping

The kn-9H mice were generated by crossing keratin14-Cre mice [23] with GCase loxP-neo-
D409H (neo-9h) mice [16]. The strain background of D409H mice was a mix of 129/SvEvBrd
and C57BL/6 [16]. The keratin 14-Cre mice were in the 12901a/C57BL/6 background. Kn-9H
was obtained from keratin 14-Cre and D409H mice crosses. For CBE studies, wild type FVB
mice were from Jackson Laboratory (FVB/NJ, Stock No 001800). Other point mutant mice
V394L and D409V were in the same protein background as the D409H mice. The mice were
housed under pathogen-free conditions at the animal facility of Cincinnati Children's Hospital
Research Foundation. Mice were genotyped using PCR systems for Cre [23], or neo and 9H
as described [16]. The identity of the PCR products from the 9H allele, K14-Cre transgene and
neo cassette were verified by DNA sequencing.

Mice treated with CBE

GCase point-mutated mice D409V (9V), D409H (9H), V394L (4L) and wild type (WT) mice
were injected intraperitoneally with 100 mg CBE/kg body weight/day [15]. Injections were
initiated at postnatal day 5 or 15 and continued for 6 to 11 doses. The mice were sacrificed
either 3—4 hours or 24 hours after last CBE injection. Mice were perfused with PBS prior to
organ harvesting for enzyme activity assays, lipid analyses, and histological preparation.

GCase enzyme activity assay

For GCase activities, tissues (~50 mg) were homogenized 1:10 [w(mg):v(ul)] in 1% sodium
taurocholate/Triton-X100, sonicated (4°C, 30s x 3), and clarified (10,000xg; 5 min, 4°C)
[24]. The assay mixtures were pre-incubated in the presence or absence of CBE (1 mM; 30
min, 37°C), then substrate (4MU-GlIc) was added, and the reactions were stopped after
incubation (1 hr, 37°C). Protein concentrations were determined using the BCA kit according
to manufacturer’s instructions.

Tissue lipid analyses

Lipid analyses were as described [16]. Tissue samples (20 mg wet weight) were analyzed in
triplicates. Relative proportions of lipids were determined in tissue aliquots (100 pg wet
weight) after resolution by [chloroform/methanol/water (65:25:4, v/iv/v)] thin-layer
chromatography using borate impregnated plates (TLC, 10 cm? Merck HPTLC silica gel 60,
200pm) [25]. Lipids were visualized with primulin (100 mg/l; 80% acetone) and quantified
with blue fluorescence scanning (Storm 860, Amersham Pharmacia Biotech).

Histological studies

For histological studies, 3 to 4 mice from each group and minimum of two sections were
examined from each tissue. For light microscopic studies organs (brain, liver, lung, thymus,
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spinal cord, spleen, and skin) were dissected after the mice had been perfused with PBS and
the tissues fixed in 10% buffered formalin and embedded in paraffin for H&E staining. For
immunohistochemistry or immunofluorescence studies, tissues were fixed with 4%
paraformaldehyde in PBS, pH 7.4. Sections were incubated (overnight, 4°C) with the desired
antibodies in PBS containing 5% goat serum. Second antibody-conjugated FITC or biotin-
streptavidin were used as the reporters. Detection was with the ABC Vectastain and DAB
peroxidase substrate for immunohistochemistry or fluorescein for immunofluorescence
studies.

Phenotype of Kn-9H mice

The neo-9h construct contained the neo selection marker inserted in intron 8 of gba in all tissues
and produced a null phenotype (Fig. 1 [16]). The expressed Cre driven by the K14 promoter
excised loxP-neo cassette from the gba locus (Fig. 1) in selected cells of the skin, but not in
other tissues. This led to the D409H allele being expressed only in skin and producing a GCase
enzyme with low activity [16], whereas the presence of the neo in the D409H allele in all other
tissues prevented the expression of an active enzyme. In the absence of the K14-Cre, all 9H-
neo homozygotes were similar to the gba complete knock-outs and died in the first few hours
of life [13]. The neo cassette (~1,850 bp) in gba produced a null allele without gba MRNA
production (data not shown). Genotyping of kn-9H homozygotes showed Cre (~300 bp) was
present in all tissues. The fragments corresponding to the 9H mutation (485 bp) were present
in tail DNA, but not in that from internal organs (Fig. 1B and 1C). In skin, excision of the
neo-loxP sequence by K14-Cre left a 94 bp loxP junction sequence in intron 8 of gba alleles
together with the 9H point mutation in exon 9. PCR generated a 391 bp fragment from wild
type (WT) gba DNA (Fig. 1C, bottom band), and a 485 bp fragment (391 + 94 bp lox-P junction
sequence) from 9H point mutated gha DNA (Fig. 1C, top band).

Kn-9H newborn pups (Fig. 2B) had normal skin compared with the red wrinkled, friable skin
in neo-9h (Fig. 2A) or complete knock-out newborn pups. From 236 newborn pups, 40 (17%)
were kn-9H homozygotes and ~20% of these survived until the age of 14 days. All kn-9H pups
were small (Fig. 2C) with a mean body weight of ~52% (n=5) of WT littermates (n=8). The
weights of the brain, liver, lung, or spleen in kn-9H (n=4) were 68, 45, 45, or 20% of the
respective WT weights (n=7).

The surviving kn-9H homozygotes were generally normal until ~10 days of age. They then
developed progressive slowing of movements, a wobbly gait, tremor, tail arching, myoclonus,
spastic paraparesis, and seizures (Fig. 2C and D) with death by 14 days. Thus, the K14 driven
Cre “reactivated” the 9H allele in selected skin cells allowed expression of the mutant enzyme
(see below), and re-established the skin permeability barrier. The observed ratio of kn-9h
homozygotes was 17% that is close to the expected Mendelian ratios of 25%. These mice were
small and sick, and often not taken care of or eaten by mother even on the days 2 or 3 post
birth. To increase the survival rate, the most normal appearing pups (kn-9h-neo/WT and WT)
were provided foster mothers to reduce the mother-care competition. Although the survival
rate was low and the life span was short, a fully developed phenotype of GCase was present
in null in visceral organs and the CNS. The low neonatal survivability and shortened life span
(14 days) of kn-9H homozygotes likely relates to the absolute deficiency of GCase function in
all other tissues.

Expression of GCase in skin of Kn-9H mice

Expression of Cre and mGCase in the skin of kn-9H homozygotes was detected by
immunofluorescence staining with anti-Cre, anti-keratin14 or anti-mGCase antibodies. The
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results showed that Cre was co-expressed with mGCase and k14 in selected skin cells of the
kn-9H homozygotes (Fig. 3, top and middle panels). In control experiments, Cre was not
detected in skin of non-transgenic WT mice (Fig. 3, bottom). Using immunofluorescence,
mGCase signals were not present in other tissues from kn-9H homozygotes, but were clearly
evident in the corresponding WT littermate tissues (Fig. 4). The kn-9H homozygotes were used
as genetic controls for the studies with CBE.

Phenotypes of mice treated with CBE

Two age groups (5- and 15-day old) of 9V, 9H, 4L, and WT mice were injected intraperitoneal ly
with CBE (100 mg/kg/day). The 5-day old 9V, 9H or WT mice injected with CBE for 10-11
days displayed a neuronopathic phenotype similar to that of kn-9H homozygotes, and died by
day 11-12 of neurological disease. In this age group, the 9V, 9H and WT mice that received
only 6 daily CBE injections had different phenotypes than those obtained with 10-11 daily
injections. Following the 61 CBE injection, without additional injections, these three mouse
genotypes experienced a 3—4 day latency of little or no CNS signs. By day 4-5 post-CBE
obvious CNS signs developed and included myoclonus, tremor, and incoordination (Fig. 5).
These initial signs persisted in the 9V mice for an additional 2-3 days. Increasing shakiness
of the head and limbs, wobbling gait, paresis and dragging of the rear legs and incoordination
of the forelimbs followed this period. These signs progressed slowly so that by 2 months
following discontinuation of CBE, the tremor was much greater, and complete paralysis of the
hind limbs was apparent. These signs persisted in the 9V mice with increasing disability until
sacrifice for ethical reasons at 2 to 5 months. In comparison, similarly treated WT and 9H mice
experienced gradual reduction in the initial signs, but the general shakiness/tremor persisted
until sacrifice at 5 mos for control purposes.

A separate group of 15 day old 9V or WT mice received 8 or 9 daily injections of CBE. These
mice rapidly became very ill with phenotypes that included difficulty moving, paralysis of the
hind- and fore- limbs, and frequent generalized tonic/clonic seizures. The 9V or WT mice died
within 2 or 7-12 days, respectively, after last CBE injection, i.e., the CBE treated 15-day old
WT mice survived longer after CBE was stopped, but they had the same general phenotype.

Additional experiments were conducted in 5- and 15-day old 4L mice. The 5-day old mice,
who received 9 CBE injections, showed minor tremor. The 15-day old mice did not develop a
CNS phenotype after 9 injections (100 mg/kg/day). However, after 24-36 injections of CBE
(100 mg/kg/day), the 4L mice manifested a wide-based gait and rear limb paresis (Fig. 5). In
an additional group of 15-day old 4L mice, doses were increased to 1000 mg CBE/kg/day. The
severe CNS signs that appeared after 8 doses were nearly identical to those in the 5-day old
9V, 9H or WT mice that had received CBE (100mg/kg/day) for 10-11 doses. Importantly, no
other gross phenotypic or histological evidence for CBE toxicity was found, i.e., CBE even at
high doses was quite specific to GCase. In vitro analyses showed that the inhibition (IC50) of
purified 4L GCase required 3 to 4 fold higher concentrations than the WT, 9H or 9V GCase
[26]. This probably explained the higher doses needed to induce the CNS signs in the 4L mice.
These studies show that the CBE effect was genotype and somewhat age related, and that the
induced GCase deficiency caused CNS manifestations that were very similar in young mice
to the GCase null in all organs, except skin, of the kn-9H homozygotes. In addition, these
findings show that the CNS phenotypes once established were irreversible even if endogenous
WT or mutant GCase is fully reconstituted by endogenous synthesis in a natural genomic
setting.

GCase protein and enzyme activities in kn-9H and CBE mice

GCase activities in kn-9H mice, neo-9h and gba null mice were similar in all internal tissues
(Table 1). In comparison, tissue GCase activities in 9H homozygotes were somewhat higher

Mol Genet Metab. Author manuscript; available in PMC 2009 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xu et al.

Page 6

[16]. The presence of variable amounts of other $-glucosidase (i.e., non-CBE inhibitable)
activities in all tissues obscured perfect correlations of genotype and GCase activity even in
the presence of CBE [27].

Tissue GCase activity levels in CBE injected mice were similar to those from kn-9H mice
(Table 2). Tissues from CBE injected mice were collected 3 or 24 hrs after a CBE injection.
By 24 hr the CBE-9V mice (n=7) had GCase recoveries to ~37% (brain), ~64% liver and ~100%
lung of pretreatment 9V GCase levels. In comparison, by 24 hr WT GCase recovered to ~10%
(brain), ~20% (liver), or ~15% (lung), whereas 9H GCase recovered to ~51% (brain), ~83%
(liver), or ~83% (lung) of pretreatment 9H GCase activity levels by 24 hr (Table 2). Thus, the
recovery time to baseline endogenous levels were more rapid or similar to WT in the 9V and
9H mice, but the total activities at 24 hr were significantly greater in WT organs. To estimate
the recovery rate of GCase in these tissues, the GCase activities in CBE-WT or CBE-9V treated
mice also were determined at 3 hours (n=5) after CBE injection (Table 2). Since the clearance
of CBE in mouse tissues is ~5 hr [28], the tissue GCase activities at 3 hours after injection
reflected the free GCase; i.e., not in the GCase-CBE covalent complex. Because the inhibition
of GCase by CBE is irreversible, the difference of GCase activity between 3 hours and next
day results from newly synthesized GCase over a 24 hour period. The data showed that the
recovery rate of GCase varied from tissue to tissue in the sequence of high to low in the
following order liver>lung>brain in CBE injected 9V and WT mice (Table 2). Furthermore,
the attainment of full reconstitution to pretreatment levels was slower in WT than in 9V, due
to the more rapid turnover of the D409V enzyme. However, the exposure of WT tissues to
GCase activity levels was greater than those in 9V within the first 24 hr after CBE was stopped.

Histology of kn-9H and CBE mice

Storage cells were present in all tissues from four kn-9H homozygotes by the age of 14 days
(Fig. 6). These cells were positive for the macrophage cell surface antigen, CD68 (Fig. 6, I to
L). The data shown in Figure 6 is representative for all examined mice. Such cells are not
present in WT (Fig. 6), 9H or 9V tissues at this age [16]. In CBE-treated 9V or WT mice,
storage cells were not observed in visceral organs. However, increased numbers of CD68
positive cells were detected in liver, lung, thymus and BM after 6 injections in CBE-9V (Fig.
7) or CBE-WT mice (data not shown), compared to non-treated mice. Moderate numbers of
CD68 cells were present in these tissues 2 mos after the 6 injections were discontinued in
CBE-9V mice (Fig. 71-L) and to a much lesser degree in the corresponding CBE-WT mice
(data not shown). The response of tissue macrophages to CBE-induced GCase deficiency
varied in different tissues. The CD68 signals were significant and the cell size was larger in
liver and thymus compared with that in lung and bone marrow after treatment by 6 CBE
injections (Fig. 7E-H). During the recovery phase the CD68 signals were weak and the cell
size was smaller in liver and lung at 2 month’s after CBE withdrawal (Fig. 71-J). But, the
morphology of CD68 positive macrophages in thymus and bone marrow was maintained and
unchanged for 2 months after CBE withdrawal (Fig. 7K-L). The differential response of
macrophages to CBE-induced GCase defect may be tissue type related, due to the differential
functions of these tissue-specific macrophages. Likely, liver and lung macrophages have
mostly phagocytosis and cleavage functions, whereas BM monocytes/macrophages could
function mainly to supply precursors to support macrophage needs.

CNS lesions and neuronal loss

In kn-9H homozygotes, degenerate neuronal cells were observed in cerebrum and spinal cord
(Fig. 8A and 8G). Lesser numbers were in cerebellum (not shown). No abnormalities were
observed in WT brains or spinal cords (Fig. 8D and 8J). In kn-9H, but not WT (Fig. 8E and
8K), many CD68 positive microglial cells were present in cerebrum and spinal cord (Fig. 8B
and 8H), and lesser numbers in cerebellum. TUNEL staining showed numerous apoptotic cells
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in spinal cord (Fig. 81), and fewer in the cerebrum (Fig. 8C). These CNS abnormalities were
not observed in 9H homozygotes (not shown). TUNEL positivity was not observed in lung and
liver, suggesting differential sensitivity of CNS cells, particularly spinal cord neuronal cells,
to the GCase deficiency and lipid storage. Similarly, CBE-injected mice showed neuronal
degeneration and death. In CBE-9V mice, many degenerate neurons were detected in cerebrum
and spinal cord (Fig. 9), and a few in cerebellum (data not shown). The neuronal cells show
progressive deterioration by 2 months after the 6 initial injections (Fig. 9). Similar CNS
histology, but much less extensive lesions were observed in CBE-9H or CBE-WT mice (data
not shown). These observations indicate a progressive CNS lesions and neuronal loss caused
by a complete GCase deficiency. These findings also indicate a progressive neuronal loss was
related to the recovery level of GCase, but that the final return to even WT levels did not
completely alleviate the phenotype or histologic abnormalities.

The degenerating cells stained with anti-NeuN antibody, a neuron-specific nuclear protein
[29,30]. This antibody was used to quantify neuronal cell populations in the spinal cord of
kn-9H homozygotes. The NeuN positive cells in kn-9H spinal cord (thoracic spine) were [900,
832 and 768/~5100 um? (n=3)] per total coronal section of spinal cord or ~65% of age matched
WT littermates [1312, 1170 and 1250 (n=3)]. Similar levels of neuronal loss were observed in
thoracic spinal cord of CBE injected mice. With longer CBE treatment courses (8~10
injections), more severe neuron loss was observed in 9V or WT mice (data not shown). These
studies indicate an irreversible and progressive neuronal loss after initial lesions induced by
the GCase deficiency (null or CBE induced) and even after return of the endogenous steady
state 9V GCase levels for 2 to 5 months.

Pro-inflammatory and anti-inflammatory cytokines in CNS

To investigate the microglial activation in the CNS, the expression of selected pro-
inflammatory and anti-inflammatory cytokines were evaluated by immunofluorescence.
Moderate levels of the pro-inflammatory cytokine, CCL3, were detected in spinal cord of
kn-9H homozygotes at the age of 13 days (Fig. 10). Weak signals for the pro-inflammatory
cytokine, INFy, or the anti-inflammatory cytokines (IL-4 and arginase 2) were in spinal cord,
cerebrum and cerebellum of kn-9H homozygotes (data not shown). The pro-and anti-
inflammatory cytokines co-localized with the CD68 signals (Fig. 10) indicating the microglial
expression of these cytokines in the CNS and the involvement of pro-and anti-inflammatory
factors in the pathophysiology of CNS lesions.

Tissue lipid analysis

Glucosylceramide accumulated in tissues of kn-9H and CBE treated mice. The 13-day old
kn-9H mice had large glucosylceramide accumulations in brain, lung and kidney (Fig. 11A).
In 9H homozygotes, little glucosylceramide accumulation was observed in brains or lungs at
this age [16]. CBE treatment (6 injections) of WT, 9H or 9V mice caused accumulation of
glucosylceramide in brain (Fig. 11B). In the absence of CBE, glucosylceramide was nearly
undetectable. Significant levels of glucosylceramide persisted for 2 to 5 months after the initial
6 injections were stopped in CBE-9V mice, but not in CBE-WT (Fig. 11B) or CBE-9H (not
shown) brains. Thus, the CNS phenotype of kn-9H homozygotes and CBE treated mice were
related to the levels of glucosylceramide accumulation.

DISCUSSION

Essential to the treatment of lysosomal storage diseases is an understanding of the differential
involvement and reversibility of the induced lesions in various tissues. This is a pan-therapeutic
issue, including enzyme therapy, gene transfer approaches, substrate reduction techniques and
pharmacological chaperone methods [31-38]. Furthermore, the timing of such interventions
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compared to the onset of disease manifestations may have substantial impact on patient
outcome. These issues are also important for newborn screening programs directed at the
detection of affected individuals with lysosomal storage diseases [39]. Clearly, over the past
decade, the use of enzyme therapy for the treatment of Gaucher disease type 1 has led to a
remarkable change in the outcomes for affected individuals [31,35]. This dramatic
improvement in hematologic, hepatic and splenic manifestations has been tempered by the less
than robust response of established architectural bone disease in affected adults. In comparison,
the use of enzyme therapy in similar cohorts of children has indicated that early intervention
and thereby, potential treatment of early lesions, can prevent or at least substantially diminish
or delay the development of irreversible bony lesions. These lessons are clearly important for
the development of new and/or adjunctive therapies that maybe less expensive than or provide
added benefit to enzyme therapy for the treatments of Gaucher disease, Fabry disease, Pompe
disease, selected mucopolysaccharidoses and other lysosomal storage diseases [40-46]. These
concerns have the most importance for the relatively inaccessible CNS compartment.

For the CNS, there has been debate and concern over the use of varying enzyme doses for
treatment of the neuropathic variants of Gaucher disease [47-50]. This led to anecdotal
observations relating to the response of the CNS to high doses of enzyme or other approaches
[51]. However, no substantive studies are available to access the potential reversibility and/or
impact of initial therapy at an early age in either humans or mouse models of this disease. In
the current studies, a complete knock out of GCase function in all tissues, except skin, was
developed to provide a mouse model that has short term survival (14 days), and dies of
overwhelming Gaucher disease in the visceral and CNS organs. By using the K14 promoter to
drive Cre and restore some residual activity to the skin, this model showed substantive
accumulations of glucosylceramide in the brain and visceral organs by 14 days of age. This
genetic model allowed for evaluation of the effects of complete GCase deficiency in internal
organs that were encumbered by the lethal defective skin permeability barrier [13]. It should
be noted that a complete knock out of the GCase activity in macrophages only, leads to a late
onset (7-10 months) visceral variant of Gaucher disease [52]. The fact that such a prolonged
period is required for accumulation of glucosylceramide in the macrophage, compared to just
14 days for massive accumulation of glucosylceramide in the kn-9H model, indicates the
contribution of all cell types to the storage material in Gaucher disease. In this study, 9H-neo
mice were used to develop a live GCase null mouse model, although the survival times were
short. As shown in our previous studies, 9H-neo is null because the neo cassette interfered with
GCase RNA splicing to mature RNA [16]. Cre expression driven by K14 promoter in skin re-
activated null GCase 9H-neo to a low activity 9H GCase that maintains the skin permeability
function as well as the WT GCase. The low neonatal survivability and shortened life span (14
days) of kn-9H homozygotes are similar to that in severe neuronopathic Gaucher disease of
humans.

The kn-9H homozygote model also provided a genetic control for the chemically induced
abnormalities that were obtained with CBE. Indeed, the kn-9H homozygote was mimicked by
CBE by treatment for 10-14 days with complete recapitulation of the CNS abnormalities.
Although CBE can potentially act on other glycosidases here it was highly specific and provides
areliable and informative phenotype. Moreover, the 4L homozygote required 10 times the dose
of CBE to induce similar CNS abnormalities. This is due to the mutant VV394L enzyme having
a decreased interaction with CBE [26]. As such, the 4L experiments provide additional
confidence that the majority, if not all, of the abnormalities within the CBE induced models
were due to selective GCase inhibition and glucosylceramide accumulation, rather than non-
specific effects.

The treatment of 9V, 9H or WT mice for 6 days with CBE followed by a “recovery,” provided
analyses of the CNS abnormalities that could be induced acutely by glucosylceramide
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accumulation and inhibition of GCase. This early treatment of 9V, 9H or WT with CBE mice
showed that the CNS abnormalities, phenotypically, histologically, biochemically and GC
accumulation, were similar to those in the genetically deficient kn-9H model. The differences
between each of these CBE-induced models occurred in the “recovery phases.” The WT and
9H CBE treated mice [6-days] never showed progressive CNS disease and did not require
sacrifice due to ethical considerations. However, they did retain the initial induced CNS
abnormalities that consisted mostly of shakiness and mild ataxia. The lack of progression
correlated with the disappearance of glucosylceramide from CNS tissues, and a diminution in
microglial cell activation and TUNEL positivity. In comparison, the CBE-treated 9V mice
experienced progressive CNS disease during the initial period following CBE withdrawal, and
then a slowly progressive CNS disorder over a period of 2 to 5 months that required humane
sacrifice. These mice, in comparison to WT and 9H, showed significant persistence of
glucosylceramide storage for two to five months after withdrawal of CBE and continued
significant microglial cell activation.

These experiments provide some insight into the level of residual activity that may be required
for return to biochemical normalcy in the CNS of these mice. Clearly, the level obtained by
9V, was insufficient to clear glucosylceramide from the brain, whereas, wild type and 9H did
clear the stored material. Thus, the level of 9H enzyme in the CNS suggests a threshold for
sufficient amounts of activity present continuously needed to prevent progression of CNS
disease. Thus, a level of total exposure at or above that attained by the 9H enzyme would be
needed globally at least on an intermittent basis, to prevent progression. The WT or 9H levels
of enzyme would be equivalent to either low dose or high dose enzyme or gene therapy studies
in the presence of a continuous production of glucosylceramide from endogenous sources in
the steady state environment. Clearly, these studies establish an initial threshold above that
obtainable by 9V, for at least biochemical normalization of the CNS. What is equally clear is
the irreversibility of existing lesions within the CNS, the stabilization of these with WT or 9H
enzyme levels, and the progression of histologic and phenotypic lesions in the CNS at 9V
levels. Clearly, attempts to establish therapeutic efficacy will require direct attention to pre-
existing disease and the level of residual enzyme obtainable within the CNS.

The general applicability of these findings to other lysosomal storage diseases or other
neurodegenerative diseases will clearly be based on the nature of the insult to the CNS and the
integrity of neurons. For the above mouse as well as the human neuronopathic variants of
Gaucher disease the primary pathological process is neuronal cell death [6,12]. These are
clearly not recoverable without additional influx of new neurons from stem cells that have
adequate enzyme levels to prevent disease initiation. The achievability of such “therapy”
remains under active investigation. For other lysosomal storage diseases that involve the CNS,
the pathological process might relate primarily to substrate accumulation without major
degeneration of neurons, i.e., they are primarily neuronal functional abnormalities. These
disorders, e.g., murine MPS VII, may be amenable to reversibility of the disease manifestations
if neuronal function can be recaptured/rescued. Thus, the continuation of progress toward the
treatment of the CNS disorders caused by the lysosomal storage diseases will require greater
understanding of the basic pathophysiology, nature of the progression, age at initial insults,
and mechanisms of propagation, including proinflammatory contributions, to the overall
course of individual diseases.
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Figure 1. Schematic of mice containing k14-Cre/neo-9h gene constructs and PCR genotyping

(A) The gha structure of k14-Cre/neo-D409H (kn-9H) mice containing the loxP-neo in intron
8 gba with a D409H encoding point mutation in exon 9(*) (top line). The neo was excised in
skin by k14-Cre (second line). The resultant recombinant D409H allele (*) contained one loxP
(©) site only in skin; the other tissues retain neo. WT gba is shown in the lower diagram. The
B and C panels show the PCR genotyping for Cre transgenes. (B) A 400 bp PCR Cre containing
fragment was in tissues of kn-9H (kn) mice, but not in WT (+) mice. (C) PCR genotyping
shows that the mutant D409H allele (9H) was only re-activated in skin, but not in other tissues.
The 391 bp PCR fragment (bottom band) is from WT (+) and the 485 bp PCR fragment (upper
band) is from the skin of kn-9H (391+loxP, D409H) gba mice. Sk: skin; Lv: liver; and Sp:
spleen. The (-) lanes are no template DNA controls.
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(A) (B)

kn9h WT

Figure 2. kn—9H mouse phenotype

(A) Homozygote that had the neogene in intron 8 (neo-9h/neo-9h) (Fig. 1) pups was similar to
the gba null mouse [13] with red-wrinkled dry skin and death after birth. (B) kn-9H pups (i.e.,
neo in intron 8 was present in all tissues but skin) were smaller than WT mice and had nearly
normal skin. (C and D) These mice survived to the age of 14 days, but were small and severely
neurologically impaired. They often flipped on their side and displayed tail arching, tremor,
myoclonus and tonic/clonic seizures.
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Figure 3. Immunofluorescence analyses of skin from kn-9H or WT mice

Biopsies were analyzed using anti-mouse GCase (mGCase) or anti-Cre, or -K14, antibodies.
(A-C) mGCase signals (A, FITC) and Cre (B, Alexa-610) were present in skin cells of kn-9H
mice. The merged images (C) show co-localization of Cre and mGCase (i.e., the D409H
protein). K14 (D, FITC) and Cre signals (E, Alexa-610) were detected in skin of K14-Cre mice.
Panel F merges D & E. In WT mice, only K14 (G), but no Cre (H) signals were detected. The
magnifications are 400X ; scale bar, 50 pum.
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Figure 4. Expression of mGCase in kn-9H and WT mice

Lung, liver, cerebellum and cerebrum sections from kn-9H (A-D) or WT (E-H) were treated
with rabbit anti-mGCase antiserum for immunofluorescence, respectively. The mGCase
positive signals (red) were detected in tissues from WT (E-H), but not from kn-9H (A-D).
Cell nuclei were counterstained with DAPI (blue). The magnifications are 400X; scale bar, 50

pm.
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Figure 5. CNS phenotypes of CBE-injected mice

After 6 daily injections (CBE; 100 mg/kg/day) beginning at post-partum day 5, WT and 9V
mice displayed similar CNS signs to those of kn-9H mice. The CBE-4L mouse only showed
paresis of the hind limbs after 24 injections.
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Figure 6. Histological and immunochemical analyses of kn-9H mouse visceral tissues

Storage cells (arrows) were in liver (A), lung (B), thymus (C) and (D) bone marrow (BM) from
13 day old kn-9H mice, but not in littermate WT control tissues (E-H). The magnifications of
H&E stained sections (A—H) are 1000X (Scale bar, 50 um). CD68 positive macrophages
(stained as dark brown) were detected in liver (1), lung (J), thymus (K), or BM (L) of kn-9H
mice, but not in matched littermate WT control tissues (M-P). The magnifications of CD68
stained sections are 400X for liver, lung and thymus, and 1000X for BM (Scale bar, 50 pum).

Mol Genet Metab. Author manuscript; available in PMC 2009 June 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

yduasnuey Joyiny vd-HIN

Xu et al.

Figure 7. Macrophage presence in visceral tissues of CBE-injected D409V mice

Liver, lung, thymus, or BM from CBE-injected 9V mice with 6 doses (middle row, E-H) or
2-month after the 6 doses (bottom row, I-L) were analyzed with anti-CD68 antibody. The
CD68 positive cells were stained as dark brown. No-CBE controls showed absence of CD68
positivity (top row, A-D). The magnifications are 400X for liver, lung and thymus, and 1000X
for BM. Scale bar, 50 pm.
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Figure 8. Histological and immunochemical analyses of kn-9H mouse CNS

Degenerated neuron cells (arrows) were observed in cerebrum (A) or spinal cord (G) of day-13
kn-9H mice, but not in WT mice (D or J). CD68 positive microglial cells were present in
cerebrum (B) and spinal cord (H) of kn-9H mice (dark brown cells), but not in WT control
tissues (E or K). Many TUNEL positive cells (dark brown cells) were in the spinal cord (1),
but only a few in cerebrum (C) of kn-9H mice. In WT (F or L) control mice, no neuronal
degeneration, microglial response or apoptosis was observed in the cerebrum and spinal cord.

Mol Genet Metab. Author manuscript; available in PMC 2009 June 1.



Xu et al. Page 21

Figure 9. Neuronal lesions in CBE-9V mouse CNS

Spinal cord and cerebral sections from CBE-9V mice after 6 injections (middle column, B, E,
H and K) or 2 month after the initial 6 injections of CBE (right column, C, F, I and L).
Degenerated neuronal cells are shown by arrows and TUNEL positive cells are shown as dark
brown. The corresponding no-CBE controls are in left column (A, D, G and J). The
magnifications are 400X; scale bar, 50 pm.
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Figure 10. Expression of CCL3 and CD68 in CNS of kn-9H mice

Spinal cord sections from kn-9H (bottom, D-F) and WT (top, A—C) mice were stained for
CCL3 (FITC green, D, arrows) or anti-CD68 (Alexa-610 red, E, arrows). The co-localization
of CD68 and CCL3 is shown in merged image (yellow, F, arrows). The magnifications are
400X; scale bar, 50 um.
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Figure 11. Glycosphingolipid (GSL) TLC profiles from kn-9H and CBE-treated mouse tissues
(A) GSLs of brain, lung, and kidney tissues from 13 day kn-9H (—/-) or littermates (+/+ or +/
—) mice. Glucosylceramide was in many fold excess in kn-9H tissues compared to the
unaffected counterpart (almost undetectable). (B) GSLs in brains from CBE-9V or CBE-WT
mice. Mice were sacrificed after 6 injections (61nj) of CBE or sacrificed 2 months after CBE
injections (6InjR2m). CBE+ or — indicates injected or un-injected age and genotype matched
mice. CBE-WT and CBE-9V show greatly and similarly increased GC after 61nj (left panel).
Large amounts of GC persisted in the brain of three 9V-6InjR2m mice (middle panel), whereas,
little, if any, GC was present in matched WT-6InjR2m brains (right panel). GC in lung of
9V-6InjR2m was increased compared the untreated 9V mutant mice (middle panel). The
9V-61InjR2m mice that did not receive CBE show no GC accumulation in brain (middle panel).
Arrows indicate the glucosylceramide in tissues. Migration standards are made from visceral
organ spleen. These are GlcCer, glucosylceramide; GalCer, galactosylceramide; LacCer,
lactosylceramide; Tri-cer, ceramide trihexoside; Sph, sphingomyelin.
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