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Gaucher disease mouse models: point mutations at the
acid 3-glucosidase locus combined with low-level
prosaposin expression lead to disease variants
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Abstract Gaucher disease is a common lysosomal storage
disease caused by a defect of acid -glucosidase (GCase). The
optimal in vitro hydrolase activity of GCase requires saposin
C, an activator protein that derives from a precursor, prosa-
posin. To develop additional models of Gaucher disease and
to test in vivo effects of saposin deficiencies, mice expressing
low levels (4-45% of wild type) of prosaposin and saposins
(PS-NA) were backcrossed into mice with specific point mu-
tations (V394L/V394L or D409H/D409H) of GCase. The
resultant mice were designated 4L/PS-NA and 9H/PS-NA,
respectively. In contrast to PS-NA mice, the 4L/PS-NA and
9H/PS-NA mice displayed large numbers of engorged mac-
rophages and nearly exclusive glucosylceramide (GC) accu-
mulation in the liver, lung, spleen, thymus, and brain. Electron
microscopy of the storage cells showed the characteristic
tubular storage material of Gaucher cells. Compared with
V394L,/V394L mice, 4L/PS-NA mice that expressed 4-6%
of wild-type prosaposin levels had ~25-75% decreases in
GCase activity and protein in liver, spleen, and fibroblasts.fif§
These results imply that reduced saposin levels increased
the instability of V394L or D409H GCases and that these
additional decreases led to large accumulations of GC in all
tissues. These models mimic a more severe Gaucher disease
phenotype and could be useful for therapeutic intervention
studies.—Sun, Y., B. Quinn, D. P. Witte, and G. A. Grabowski.
Gaucher disease mouse models: point mutations at the acid
B-glucosidase locus combined with low-level prosaposin ex-
pression lead to disease variants. J. Lipid Res. 2005. 46: 2102—
2113.
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Gaucher disease is an autosomal recessive trait and the
most common lysosomal storage disorder (1). The defec-
tive lysosomal hydrolysis of glucosylceramide (GC) in Gau-
cher disease is caused by mutations in the gene [human
(GBA), mouse (gba)] encoding acid B-glucosidase (GCase),
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a membrane-associated lysosomal hydrolase (1). More than
200 mutations at the GBA locus have been identified in
Gaucher disease patients, and the resultant defective or de-
ficient enzyme activities lead to variable phenotypes (1, 2).
The accumulation of GC leads to enlargement of the liver
and spleen, bone lesions, and central nervous system
(CNS) manifestations in some variants (1, 3-5). The mac-
rophage is the primary cell displaying GC accumulation;
nonmacrophage parenchymal cells appear normal in liver,
lung, bone marrow, and spleen in Gaucher disease (e.g.,
hepatocytes, granulocytes, and lymphocytes) (1). The knock
out of gba in the mouse leads to lethality in the newborn
period (6). Efforts to create animal models of Gaucher
disease with a longer life span have included the gba “knock
in” of the L444P mutation, but this also led to early death
attributable, at least in part, to a defective skin permeabil-
ity barrier (7).

Additional mouse models were designed based on ge-
notype/phenotype correlations in humans (8), as summa-
rized in Table 1. Homozygosity for N370S in humans re-
sults in less severe to asymptomatic phenotypes (1, 9, 10).
In comparison, homozygosity for the D409H allele is asso-
ciated with early-onset, variable disease of the viscera and
CNS (11, 12). These patients also can develop characteris-
tic calcific abnormalities of the aortic valves and ascend-
ing aorta (13). The V394L allele has been observed only
in the heteroallelic state, and when the heteroallele is
L444P, the phenotype includes visceral and CNS involve-
ment (11). In contrast, N370S homozygosity in mice was
lethal in the neonatal period, V394L homozygosity dis-
played minor phenotypic abnormalities up to 12 months,
and D409H or D409V homozygotes displayed low-grade
Gaucher cell formation and GC storage (8). Visceral tis-

Abbreviations: CNS, central nervous system; gba, gene encoding
mouse acid B-glucosidase; GC, glucosylceramide; GCase, acid B-glucosi-
dase; LacCer, lactosylceramide; 4MU-Glc, 4-methylumbelliferyl-3-p-glu-
copyranoside; WT, wild-type.
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TABLE 1. Characteristics of humans and mice with GCase mutations

Genotype Human Mouse References
D409H/D409H Major visceral and CNS disease Minor visceral disease 1,8,11,12
D409V /1.444P“ Major visceral and CNS disease Minor visceral disease 1,8
D409V /null Major visceral disease 1,8
N370S/N370S Variable visceral disease Death in neonatal period 1,8,9,10
L444P/L444P Variable visceral and CNS phenotypes Death in neonatal period 1,7
V3941./1.444P or null* Severe visceral and CNS disease Minor visceral disease 1,8
V3941./V3941. Minor visceral disease 8

CNS, central nervous system; GCase, acid B-glucosidase.
“ Homozygotes of D409V and V394L or V394L/null have not been observed in humans.

sues from homozygous murine models of V394L and D409H
showed <10% of wild-type (WT) GCase activity. Neither
model displayed CNS involvement (8).

Saposins (sphingolipid activator proteins) A, B, C, and
D are lysosomal glycoproteins that are encoded by a single
gene, termed prosaposin (14-17). The saposins are essen-
tial to the optimal activity of glycosphingolipid hydrolases
(18-21). In particular, saposin C is needed for full GCase
function (22-24). Saposin C has at least two effects on
GCase: I) optimization of GCase hydrolysis of GC and other
substrates; and 2) a protective effect for GCase against
proteolytic digestion (24). This latter finding probably ac-
counts for the reduction of GCase activity and protein lev-
els in prosaposin-deficient mice and humans (24). In hu-
mans, deficiency of saposin C leads to a variant form of
Gaucher disease with GC accumulation in macrophages
and CNS (25). The proteolytic processing of prosaposin
to the individual saposins occurs predominantly in acidi-
fied compartments, including the lysosome (26, 27). Pro-
saposin has been found in a variety of body fluids (14, 28).

To establish additional viable Gaucher disease mouse
models and evaluate the in vivo effect of saposin C on mu-
tant GCases, mice were created by cross-breeding V394L or
D409H homozygotes into the PS-NA line that expresses sub-
normal levels of a transgene encoding mouse prosaposin/
saposins. The resulting mice developed large accumula-
tions of GC in a variety of tissues as a more florid viable
analog of human Gaucher disease with CNS involvement.

MATERIALS AND METHODS

Materials

The following were from commercial sources: 4-methylumbel-
liferyl-B-np-glucopyranoside (4MU-Glc; Biosynth AG); sodium tau-
rocholate (Calbiochem, La Jolla, CA); mouse anti-B-actin mono-
clonal antibody, trypsin, trypsin inhibitor, and primulin (Sigma,
St. Louis, MO); NuPAGE 4-12% Bis-Tris gel, NuPAGE MES SDS
running buffer, William’s solution, collagenase, Ca/Mg-free HBSS,
DMEM, neurobasal medium, and B27 supplement (Invitrogen,
Carlsbad, CA); rat anti-mouse CD68 monoclonal antibody (Sero-
tec, Oxford, UK); M-PER Mammalian Protein Extraction Reagent
and BCA Protein Assay Reagent (Pierce, Rockford, IL); [3°S]cys-
teine/methionine protein labeling mix (DuPont-New England
Nuclear Research Products, Boston, MA); Molecular Dynamics
Storm 860 scanner, Hybond™-ECL™ nitrocellulose membrane,
and ECL detection reagent (Amersham Biosciences, Piscataway,
NJ); ABC Vectastain and Alkaline Phosphatase Kit II (black)
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(Vector Laboratory, Burlingame, CA); and BD TALON™ Metal
Affinity Resin (BD Biosciences Clontech, Palo Alto, CA).

Mouse models

The mouse prosaposin cDNA was cloned from a AZap mouse
liver library (29). It does not contain exon 8, which encodes amino
acid QDQ in a saposin B region that appears nonessential (30).
The mouse prosaposin transgene was created by cloning mouse
prosaposin cDNA (2.5 kb) downstream from the 3-phosphoglyc-
erate kinase promoter in the pBluescript vector. The prosaposin
knockout (PS™/7) mice containing this prosaposin transgene
were generated previously and named PS-NA (31). The V394L
and D409H point mutations at the mouse GCase locus were in-
troduced using the cre-lox-P system (8). The crossing of V394L
or D409H homozygotes with PS-NA resulted in 4L/PS-NA or
9H/PS-NA mice, respectively, with a genetic background of ~50%
FVB, 25% C57BL/6, and 25% 129SvEvBrd. D409V/D409V PS-NA
mice were never observed from the appropriate crosses.

PCR genotyping

After mutation validation of GCase by direct sequencing, the
lox-P site was used as a marker for GCase point mutation geno-
typing. Multiplex PCR was performed to genotype the point mu-
tations and prosaposin transgene. For GCase point mutation,
primers mGC4996F (5'-CACAGATGTGTATGGCCATCGG-3' in
intron 8 of GBA) and mGC5387R (5'-CTGAAGTGGCCAAGAT-
GGTAG-3' in exon 9 of GBA) generated a 391 bp fragment from
WT and a 485 bp fragment (391 bp + 94 bp lox-P junction se-
quence in intron 8) for the mutant alleles (8). For the prosa-
posin transgene, primers CBC (5'-ATGAAGCTGGTGTCTGA-
TGT-3' in the saposin B region of the transgene) and POS8 (5'-
CACAAATCCAGGATCCATCAC-3' in the saposin D region of the
transgene) yielded a 1 kb band. Reaction conditions were PCR
buffer (Invitrogen) with 3 mM MgCls. Reactions were cycled 30
times as follows: 94°C for 60 s, 58°C for 60 s, and 72°C for 90 s.
The prosaposin knockout allele was genotyped as described (31).

Histological studies

Mice were euthanized in age-matched groups. Liver, lung,
spleen, thymus, brain, and spinal cord were collected, fixed in 10%
formalin, embedded in paraffin, sectioned, and stained with he-
matoxylin and eosin and periodic acid-Schiff, then analyzed by
light microscopy. Karnovsky’s fixative was used for ultrastructural
studies. For immunohistochemistry, frozen tissue sections fixed
with 4% paraformaldehyde were incubated with rat anti-mouse
CD68 monoclonal antibody (1:200 in PBS with 5% BSA) over-
night at 4°C. Detection was performed using ABC Vectastain and
Alkaline Phosphatase Kit II (black) according to the manufac-
turer’s instruction. The slides were counterstained with methyl-
ene green.
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Tissue lipid analyses

Tissue samples (~~100 mg wet weight) in water (0.6 ml) and
methanol (2 ml) were homogenized (PowerGen 35; Fisher Sci-
entific), then chloroform (1 ml) was added. Homogenates were
shaken (15 min) and centrifuged (5 min at 1,000 g). Pellets were
reextracted with water (0.7 ml) and chloroform-methanol (1:2,
v/v; 3 ml). The combined extracts were centrifuged (10 min at
7,000 g). The supernatants were transferred to fresh tubes and
the solvents evaporated under Ny. Dried extracts were redissolved
in chloroform-methanol-water (60:30:4.5, v/v/v; 15 ml) and de-
salted on Sephadex G-25 columns (32). Samples were then sub-
jected to alkaline methanolysis (33) and desalted. Relative pro-
portions of lipids from these tissue samples were determined by
thin-layer chromatography with borate-impregnated plates (10
cm? Merck HPTLC silica gel 60; 200 pm) (34). Plates were devel-
oped in chloroform-methanol-water (65:25:4, v/v/v). Lipids
were visualized with primulin spray (100 mg/1 in 80% acetone)
and blue fluorescence scanning (Storm 860; Amersham Pharma-
cia Biotech).

Enzyme activity assay

Tissues were homogenized in 1% sodium taurocholate and
1% Triton X-100, with 0.25% each in final assay mixtures. GCase
activities were determined fluorometrically with 4MU-Glc (35).
Some assay mixtures were preincubated in the presence and ab-
sence of the GCase irreversible inhibitor, conduritol B epoxide
(1 mM, 40 min at 37°C). The substrate (4MU-Glc) was added,
and the reactions were stopped after an additional incubation
(30 min at 37°C) (36). WT activities of control tissues were deter-
mined in parallel for all assays. WT levels were set as 100%.

Preparation of anti-mouse prosaposin antiserum

The coding region of mouse prosaposin cDNA was cloned
into pET21a vector and overexpressed in Escherichia coli as de-
scribed (37). The expressed mouse prosaposin contained a 6 His
tag at the carboxyl terminus. Harvested cell pellets were dis-
solved in 8 M urea (pH 8.0). The lysates were clarified by centrif-
ugation (10,000 g, 25 min). The supernatants were mixed with
BD TALON™ Metal Affinity Resin (cobalt-based) and gently agi-
tated for 20 min to allow the His tag prosaposin binding to resin.
The resin was washed with 25 mM imidazole, and the prosaposin
protein was eluted with 150 mM imidazole, dialyzed, and analyzed
by 10% SDS-PAGE. The single band products were used to raise
goat antiserum (Harlan Bioproducts for Science, Madison, WI)
after a 90 day protocol with initial inoculation of antigen (1 mg)
and three boosts (500 g each). Rabbit anti-mouse saposin D was
raised against recombinant mouse saposin D produced in E. coli
using the pET21a system (37). Using immunoblot analyses, goat
anti-mouse prosaposin antiserum detected mouse prosaposin
and saposins A, B, C, and D. Rabbit anti-mouse saposin D anti-
serum detected mouse saposin D and prosaposin.

Cell culture and immunoprecipitation

Hippocampal neurons were isolated from 17.5 day mouse em-
bryos. The dissected hippocampi were digested with trypsin solu-
tion (1 mg/ml in HBSS, 20 min) at room temperature, and the
tissues were transferred into trypsin inhibitor solution (1 mg/ml
in HBSS) for 5 min, followed by washing in 2 ml of ice-cold
HBSS. The tissues were dissociated, and the cells were plated in
DMEM with 10% fetal bovine serum plus penicillin and strepto-
mycin in polyethyleneimine-coated flasks. After 3 h, the medium
was replaced with neurobasal medium with B27 supplement.
The hippocampal neurons were allowed to grow for 5 days and
then subjected to labeling and immunoprecipitation.

Hepatocytes were isolated from liver after perfusion with col-
lagenase solution (0.2 mg/ml collagenase and 0.33 mM CaCl, in
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HBSS). Liver tissues were minced into small pieces with scissors
and suspended in William’s solution. The liver suspension was
washed twice with William’s solution, layered over the Percoll,
and centrifuged (2 min at 800 g). The resultant pellets were
washed twice in William’s solution, and hepatocytes were plated
in DMEM with 10% fetal bovine serum and 1% glutamine as well
as penicillin and streptomycin in a 10 cm dish. The fresh me-
dium was replaced after 1 h. The hepatocytes were allowed to
grow for 7 days and then subjected to labeling and immunopre-
cipitation.

Mouse lung or tail fibroblasts were cultured in DMEM supple-
mented with 10% heat-activated fetal bovine serum as described
previously (38). The above cells (5-10 X 10° cells per flask) were
labeled for 4 h with 127 p.Ci of [%S]cysteine/methionine protein
labeling mix. The media were collected and treated with anti-
mouse saposin D antibody to precipitate the prosaposin protein.
The proteins were resolved by SDS-PAGE as described (31).

Immunoblot

Tissues were homogenized in M-PER Mammalian Protein Ex-
traction Reagent. Protein concentrations were estimated using
BCA Protein Assay Reagent. Tissue extracts were separated on
NuPAGE 4-12% Bis-Tris gels with NuPAGE MES SDS running
buffer and electroblotted on Hybond™-ECL™ nitrocellulose mem-
branes. The membranes were blocked with 5% nonfat dry milk
for 1 h, followed by incubation overnight with goat anti-mouse
prosaposin serum (1:500) diluted in 1% milk. The signal was de-
veloped using ECL detection reagent according to the manufac-
turer’s instructions. The rabbit anti-mouse GCase IgG (1:1,500 in
0.15% milk and 0.1% BSA) was used to detect mouse GCase, and
mouse anti-B-actin monoclonal antibody (1:10,000 in 2% milk)
was applied to detect B-actin.

RESULTS

Creation of mouse models

To investigate the effect of saposins on GCase in vivo,
the mouse models were generated by cross-breeding GCase
point mutant (V394L or D409H) mice with prosaposin
knockout (PS™/7) mice or a hypomorphic prosaposin
mouse line [i.e., PS™/~ with a low-expressing mouse pro-
saposin transgene (PS-NA)] (Table 2). Both GCase mu-
tant (V394L or D409H) mice were fertile and lived up to 2
years (8). The respective resultant cross-bred mice were
designated 4L/PS-NA and 9H/PS-NA; these mice were fer-
tile and survived up to 22 weeks. The PS-NA mice were fer-
tile, with life spans up to 32 weeks (31). The PS™/~ mice
(i.e., prosaposin-null) generally die within 4 weeks (31,
39). The 4L./PS~/~ mice survived for 3—4 weeks, and they
were infertile. Only limited numbers of 41./PS~/~ and
9H/PS-NA mice were obtained; thus, only limited analyses
were performed.

Prosaposin transgene expression

Transgenic saposin proteins in PS-NA mice were ana-
lyzed by immunoblots and scored relative to the levels of
saposins in WT mice using goat anti-mouse prosaposin an-
tiserum. This antibody reacts with prosaposin and all four
saposins (A, B, C, and D). To correct for variations in the
application amounts, the saposin levels were normalized
to B-actin level on each gel. The amounts of transgenic sa-
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TABLE 2. Characterization of mouse models

Genotype Strains (%) Life Span Visceral Involvement CNS Involvement GCase® Saposin  References
% WT
4L/PS-NA FVB (50), C57BL/6 (25), 22 weeks GC accumulation, GC accumulation, ataxia, 3 6  Current
129SvEvBrd (25) engorged macrophages  waddling gait
9H/PS-NA FVB (50), C57BL/6 (25), 22 weeks GC accumulation, GC accumulation, ataxia, nd 6  Current
129SvEvBrd (25) engorged macrophages  waddling gait
4L/PS~/~ FVB (50), C57BL/6 (25), ~4weeks GC accumulation, GC accumulation, ataxia, nd 0 Current
129SvEvBrd (25) engorged macrophages  tonic status, epilepticus
PS-NA FVB 32 weeks Minor GC accumulation, Minor GC accumulation, ataxia, 60 6 31, 24
occasional storage cells waddling gait
PS—/~ FVB ~4 weeks Slight GC accumulation,  Slight GC accumulation, ataxia, 25 31, 39, 24
occasional storage cells tonic status, epilepticus
V3894L/V394L.  C5H7BL/6 (50), ~2years Minor GC accumulation, No GC accumulation, 7 100 8
129SvEvBrd (50) occasional storage cells normal phenotype
D409H/D409H C57BL/6 (50), ~2years Minor GC accumulation, No GC accumulation, ~4 100 8

129SvEvBrd (50) occasional storage cells normal phenotype

4L./PS-NA = V3941./V394L. + PS~/~ + low-level mouse prosaposin transgene expression; 41L/PS~/~ = V3894L/V394L + PS~/—; 9H/PS-NA =
same as 4L./PS-NA, except with D409H/D409H; PS-NA = PS~/~ with low-level mouse prosaposin transgene expression; PS™/~ = prosaposin null.
GC, glucosylceramide; WT, wild-type.

@ GCase activity and saposin protein levels in liver; nd, not done.

posin protein levels varied with the tissue source and were
4-45% of WT levels (Fig. 1A). These levels were consistent
in the specific tissue and did not vary significantly within
or among the various mouse strains.

After metabolic labeling, the secretion of transgenic

Brain Lung Liver Sp]ccn

- .-

e GED D e e P o
PS-NA WT  PS-NA WT PS-NA WT PS-NA WT
Relative saposin levels in various tissues of PS-NA mice
Brain Lung Liver Spleen
WT (%) 100 100 100 100
PS-NA (%) 45 22 6 4
Fibroblast Neuron Hepatocyte

IF‘r{mlpo‘m‘l’l “ II

PS-NA WT PS-NAWT PS-NA WT

Fig. 1. Prosaposin levels and secretion in PS-NA mouse tissues. A: Transgenic saposin protein levels in PS-
NA mouse tissues were resolved by SDS-PAGE in brain (100 pg of protein) and liver, lung, and spleen (250
pg of protein). The saposins (M, ~ 10,000) were detected using goat anti-mouse prosaposin antibody that
detects saposins A, B, C, and D as well as prosaposin. Quantification of saposin levels in PS-NA mice for each
tissue is presented as a percentage of wild-type (WT) levels after normalization to a B-actin loading control.
Each experiment was repeated three times with the lysates from different mice. Quantitation was performed
using Molecular Dynamics ImageQuant Software. B: Secretion of transgenic prosaposin. Proteins from pri-
mary cells (fibroblast, hippocampal neuron, and hepatocyte) from PS-NA and WT mice were labeled with
[33S]cysteine/methionine for 4 h. Prosaposin (arrow) in equal volumes of cell medium was immunoprecipi-
tated with rabbit anti-mouse saposin D antibody.
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prosaposin was assessed by immunoprecipitations of cell
culture media using rabbit anti-mouse saposin D antibody.
Transgenic prosaposin was detected in medium from cul-
tured fibroblasts, hippocampal neurons, and hepatocytes
of PS-NA mice (Fig. 1B). The transgenic prosaposin was
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secreted at a lower level than in comparable samples from
WT mice. This was evaluated because exon 8, which en-
codes the amino acids QDQ in the prosaposin gene, has
been proposed to be a secretion signal (14, 40) and the
prosaposin transgene in PS-NA mice does not contain
exon 8. Thus, these results demonstrate that the prosa-
posin transgene produces a prosaposin protein that is pro-
cessed into saposins and is also secreted intact in relative
proportion to its expression levels in whole tissue extracts
(compare Fig. 1A, B).

Visceral tissues

By light microscopy, the visceral organs of PS-NA mice
had rare scattered storage cells in liver, spleen, and thy-
mus only near the end stage (~32 weeks). Similarly, the
V394L/V394L and D409H/D409H mice displayed only a
few scattered storage cells in these tissues at very late stages
(>18 months). In comparison, 4L./PS-NA and 9H/PS-NA
mice displayed large numbers of storage cells in liver, lung,
spleen (Fig. 2), and thymus. Clusters of such cells were
easily visible in these mice at 4 weeks. The numbers and
sizes of the storage cells increased with age. Overall, the
numbers and clusters of storage cells were greatest in the

" 41/PS-NA

4L/PS-NA mice. Electron microscopy of such storage cells
of 4L./PS-NA mice showed the characteristic braided struc-
ture of stored GC (Fig. 3), similar to those observed in hu-
man Gaucher cells (1, 5, 41). Additionally, residual bodies
containing remnants and undigested material were seen
on ultrastructure of such cells from liver and spleen of
4L./PS-NA mice (data not shown). The nature of the stor-
age cells in 4L/PS-NA and 9H/PS-NA mouse tissues was
evaluated by immunohistochemistry using anti-CD68 anti-
body (Fig. 4). Compared with the wild type, the sizes and
numbers of CD68-positive cells were increased in lung,
liver, spleen (Fig. 4A), and thymus (data not shown). Fro-
zen sections of liver and lung from 4L/PS-NA mice showed
periodic acid-Schiff and CD68 positivities in the same cells
(Fig. 4B). This result identifies the storage cells as of mac-
rophage origin. The spleens of 4L./PS-NA mice were sig-
nificantly (P = 0.0022) increased in mass (0.53% of body
weight) compared with those from PS-NA mice (0.42%).
However, the relative masses of lungs, thymus, and livers
were unchanged. The histology of testes and kidneys was
normal in all of these mice. Like PS-NA mice (31), 4L./PS-
NA and 9H/PS-NA mice had lipid storage cells in the
bone marrow from vertebral bodies (data not shown).

o

9H/PS-NA

Fig. 2. Storage cells in the visceral tissues of age-matched (22 weeks) PS-NA, 41./PS-NA, and 9H/PS-NA mice. Hematoxylin and eosin-stained
sections of liver, spleen, and lung from PS-NA mice had a normal appearance. In comparison, clusters of lipid storage cells (arrows) were ob-
served in 4L/PS-NA and 9H/PS-NA liver and spleen. Engorged storage cells (arrows) also were present in alveolar and interstitial spaces of the

Iungs of these mice. Magnifications are 400X.
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Fig. 3. Electron micrographs of inclusions in 4L/PS-NA mouse lungs. Storage bodies in lung (A; 8,000 X)
had a characteristic braided structure of glucosylceramide (GC), as observed in Gaucher disease. An en-

larged view of the storage bodies is shown in B.

CNS

No gross CNS malformations were found in any of the
mice examined in these studies. Throughout their lives
(~2 years), V394L/V394L and D409H/D409H did not
have any brain pathology, nor did they exhibit neurologi-
cal abnormalities (8). PS-NA mice developed a neurologi-
cal phenotype by 3 months (31). The neuropathology of
4L/PS-NA and 9H/PS-NA mice was very similar to that of
PS-NA mice (31). The 4L/PS-NA and 9H/PS-NA mice ap-
peared phenotypically normal until ~10 weeks and then
developed a slowly progressing CNS phenotype that in-
cluded gait ataxia, generalized tremor, gross shaking to
the point of falling over, and a neurogenic bladder. Lack
of rear limb control was the first manifestation. This pro-
gressed to almost complete paralysis of the rear limbs by
~20 weeks. The lack of body control eventually resulted
in the inability to eat and drink, with consequent malnu-
trition, dehydration, and demise of these mice (~22 weeks).
The neurological phenotype in 4L/ PS~/~ mice was indis-
tinguishable from that of PS™/~ mice (31). Similar to PS-
NA mice (31), the neurons of dorsal root ganglia were
filled with storage material in 4L/PS-NA and 9H/PS-NA
mice. The degenerated neurons in the cerebral cortex and
loss of Purkinje cells in the cerebellum were found in such
mice >10 weeks old. By electron microcopy, little storage
material was seen in Purkinje cells of PS-NA and 4L/PS-
NA mice (Fig. 5A). Interestingly, the granule cells of 4L/
PS-NA mice had large numbers of inclusions at 10 weeks,
but very few granule cells contained the inclusions in PS-
NA mice at 17.5 weeks (Fig. 5B).

Lipid analyses

The lipid analyses of 4L./PS-NA and 9H/PS-NA mice
showed that the major additional lipid accumulated in
these mice compared with PS-NA mice was GC (Fig. 6A).
At 20 weeks, GC was 3- to 10fold increased in 4L/PS-NA
compared with PS-NA mice. GC progressively accumu-
lated from 4 to 20 weeks in livers, spleens, and lungs of
4L/PS-NA mice (Fig. 6B). Small amounts of GC accumu-
lated in age-matched GCase point-mutated (V394L/V394L
and D409H/D409H) mouse tissues (8). Predominant lac-
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tosylceramide (LacCer) accumulation and slightly in-
creased GC were reported previously in PS-NA and PS~/~
mouse tissues (31, 39). In 4L/PS-NA and 9H/PS-NA
mice, LacCer was only slightly increased in visceral tissues.
These data indicated that the combined deficiency of sa-
posins with GCase point mutations (V394L or D409H) in
4L/PS-NA and 9H/PS-NA mice led to a predominant in-
crease in GC accumulation.

GCase activity and stability

The residual GCase in vitro activity in V394L/V394L
mice was ~5-10% of WT levels. PS-NA mice showed re-
duced GCase activity in visceral tissues by 30-60% (24).
Compared with V394L/V394L mice, the GCase activity in
4L/PS-NA mice was decreased significantly in liver (P =
0.0013), spleen (P = 0.0007), and fibroblasts (P = 0.0021)
but not in lung and cerebrum (Fig. 7A). For 9H/PS-NA,
no difference in GCase activity was detectable relative to
D409H/D409H mice; this was likely attributable to the
variance in measured activity being within the noise level
of the error of repeated measures in these assays (data not
shown). Strains (C57BL/6J, 129SvEvBrd, or FVB) and
mixes of these strains were tested for WT GCase activity.
All were found to have equivalent GCase activities (data
not shown).

To assess the GCase protein level, fibroblast lysates from
WT, PS-NA, 4L/PS-NA, and V394L/V394L mice were ana-
lyzed by Western blot analysis using rabbit anti-mouse GCase
antibody (Fig. 7B). Relative to WT tissues, the GCase pro-
tein level was reduced by ~60% in V394L/V394L fibro-
blasts and by 90% in 4L/PS-NA fibroblasts. These results
imply that the stability of the mutant enzyme was further
reduced in the background of a subnormal level of sa-
posins in fibroblasts (24). This lower GCase activity and
protein reduced the mutant GCase to a level below which
GC accumulated in excess.

DISCUSSION

There have been several attempts to create animal mod-
els of Gaucher disease for pathogenic and therapeutic
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Fig. 4. CDG68 staining of cells in the visceral tissues from WT, 4L/PS-NA, and 9H/PS-NA mice. A: Frozen tissue sections from various mice
were stained with anti-CD68 (rat anti-mouse) monoclonal antibody (black) and counterstained with methylene green for cell nuclei. Very
few CD68-positive cells were in WT spleen, liver, and lung or such tissues from PS-NA mice (not shown). CD68-positive cells were present in
large numbers in spleen, liver, and lung of 4L./PS-NA and 9H/PS-NA mice. Magnifications are 400 X. B: Frozen tissue sections from 4L/PS-
NA mice were stained with periodic acid-Schiff (PAS) and CD68. The periodic acid-Schiff-positive storage cells (arrows) in liver and lung
also were CD68-positive, indicating that they were macrophage-derived.
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Fig. 5. Electron micrographs of inclusions in cerebellum. A:
Purkinje cells in 4L/PS-NA (10 weeks) and PS-NA (17.5 weeks)
mice. The inclusions in cells are indicated by arrows. Magnifica-
tions are 6,000X. B: Granule cells contained in storage bodies (ar-
rows) in the 4L/PS-NA mouse. Very few cells had storage in the PS-
NA mouse (arrow). Magnifications are 7,000X.

studies (6, 7, 42). An ideal model would closely mimic the
human disease and rapidly accumulate the substrate GC
in Gaucher cells. The null mouse and those created by in-
sertional mutagenesis have been lethal early in life, attrib-
utable in part to a skin permeability barrier defect (6, 7).
Mice with point mutations at the gba locus have exhibited
phenotypes ranging from near phenotypic normalcy to
biochemical and histological changes similar to the hu-
man disease (6-8). Hematopoietic stem cell transplanta-
tion of GCase-null cells into WT mice was tested because
of the predominant involvement of the macrophage line
in human Gaucher disease (42). This resulted in minor
abnormalities. Here, a variant of GC storage disease was
developed that provides an analog to human Gaucher dis-
ease, with characteristic visceral histopathology and bio-
chemical abnormalities. In particular, the homozygous
GCase point-mutated mice (V394L, D409H, and D409V)
were viable, with low residual activities in all cells but with
few storage cells and variable levels of GC accumulation
(8). To develop viable, but more severe, models, two ge-
netically modified mice were created based on the known
stability effects of saposin C on GCase (24). Because V394L
and D409H GCases have abnormal kinetics and stability,
we reasoned that partial deficiencies of prosaposin (PS-
NA) combined with such point mutations of GCase would
further reduce GCase levels in visceral and CNS tissues.
We postulated that this GCase level would be below the
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threshold needed to manifest GC storage. The resultant
mice had obvious GC storage primarily in macrophages of
visceral organs, and the morphology of the resultant stor-
age cells resembled Gaucher disease cells in the human.
However, unlike the human disease, splenic and liver sizes
were nearly normal. The CNS clinical course and histopa-
thology resembled those of the PS-NA mice, but with in-
creased accumulation of GC. The 4L /PS-NA and 9H /PS-
NA mice were essentially identical, implying that a “floor”
of residual activity had been reached, which was consis-
tent with survival without obvious skin abnormalities. In-
terestingly, attempts to create a D409V/D409V;PS-NA mouse
did not result in any live pups with that genotype from
>200 pups.

The mechanism by which these mice were created re-
lates primarily to the effects and interactions of saposin C
or saposins with the mutant GCases. Theoretically, the
lower amounts of saposins produced in the PS-NA mouse
would alter WT and mutant enzyme stabilities and activi-
ties, as shown in (Fig. 7) and previously demonstrated to
be attributable to a proteolytic effect of saposin C (24).
Similarly, the residual activity of the various mutant GCases,
particularly V394L, was differentially affected and varied
closely with the level of prosaposin expressed in various
tissues. For example, in liver and spleen, statistically differ-
ent levels of residual V394L GCase activities were present,
and these were in the tissues with the lowest level of ex-
pression of saposins. In comparison, lung and brain had
3-10 times higher levels of expression of saposins from
the transgene than did liver and spleen. The residual V394L
activities in lung and brain were not distinguishable in the
4L/PS-NA or V394L homozygote mice. No difference was
found with the D409H mouse homozygotes (because of
limited samples) compared with their 9H/PS-NA variants.
Obviously, there were detectable differences at a physio-
logical level between the residual activity in each tissue,
because GCase in both liver and spleen was decreased sig-
nificantly compared with the respective levels in lung and
brain. Indeed, the progressive GC accumulation in liver,
spleen, lung, and cerebellum increased with age and reached
levels that were 3-10 times those in the respective age-
matched PS-NA mouse tissues. Thus, although a detect-
able change with the in vitro assay for V394L or D409H
activity could not be appreciated, this is evident at a
pathophysiological level. Indeed, in fibroblasts from the
4L/PS-NA mice, the GCase protein was decreased sub-
stantially compared with that from the V394L homozy-
gotes. This was consistent with the findings in liver and
spleen and indicated a stability effect of saposins (espe-
cially saposin C) on GCase.

Previously, mouse models based on the point mutations
V394L. and D409H had been bred into the null mouse
background to decrease the level of activity of GCase, at
least theoretically, in the respective homozygotes by 50%
(i.e., V394L/null and D409H/null would have 50% of the
residual activity of the respective homozygotes). Such
mice did show progressive accumulations of Gaucher cells
and GC in some visceral tissues of advanced age mice (8).
The most progressive phenotype developed was based on
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Fig. 6. GC accumulation in 4L./PS-NA and 9H/PS-NA mice. A: Typical TLC of lipid analyses showing increased GC accumulation in 4L/
PS-NA tissues compared with PS-NA mice at 12 weeks (left panel). In 9H/PS-NA mice (18 weeks), GC accumulation was increased in liver
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mouse.

the D409V /null mouse, which exhibited substantial visceral
GC and Gaucher cell accumulation, particularly in spleen
and lungs. However, age match comparisons between 4L/
PS-NA and 9H /PS-NA mice and V394L/null and D409H /
null mice showed much more significant accumulation of
Gaucher cells and GC in the present mice with PS-NA.
This suggests that the theoretical 50% decrease obtained
with a null heteroallele was still above the threshold reached
in these current mice to produce significant GC and Gau-
cher cell accumulation in the various tissues. Of particular
interest was the lack of GC accumulation in the brains of
the respective heteroallelic homozygotes with the null mice

2110  Journal of Lipid Research Volume 46, 2005

compared with the models developed here, which have
substantial additional accumulation of GC compared with
PS-NA mice. These results and the fact that we were un-
able to produce the 9V/PS-NA mice indicate that the mod-
els developed here were near a threshold for survivability
and manifestations of Gaucher disease in the mouse. An
interesting finding in 4L./PS-NA mice was the large num-
ber of storage inclusions in granule cells of cerebellum.
These are present only very occasionally in PS-NA mice. It
is not clear why the granule cells were more vulnerable to
GC accumulation. This result supports a cell type-specific
threshold for substrate flux.
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Because of the disruption of glycosphingolipid metabo-
lism in PS-NA mice, one might anticipate an altered flux
of glycosphingolipid precursors through the pathways to
GC. Indeed, the original intent of the present models was
based on the presumption that either the V394L or D409H
homozygote would provide a Gaucher disease phenotype
in the mouse. The original cross-breeding into PS-NA mice
assumed that a decreased flow of substrate (i.e., substrate
depletion) through the glycosphingolipid degradative path-
way would result in an alleviation of any phenotype. How-
ever, the discovery of the proteolytic stabilities and pro-
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tective effects of saposin C toward GCase negated that
presumption. In addition, other than GC, only LacCer was
slightly increased. Thus, at least in visceral tissues, the ac-
cumulation of GC from hematologic cells appears to pro-
ceed unimpeded and leads to no significant abnormalities
other than those detected in PS-NA mice initially. There-
fore, the mice produced here appear to primarily mani-
fest additional abnormalities related to GCase and not to
other parts of the glycosphingolipid pathway.

The progressive accumulation of GC in various tissues,
as well as the progressive Gaucher cell infiltrating in these
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tissues, provide interesting pathogenetic and, potentially,
therapeutic models to evaluate these processes in a mouse
model. The development of a variety of therapeutic ap-
proaches based on enzyme supplementation, substrate de-
pletion, and gene therapy could be evaluated in such mod-
els for effectiveness across the spectrum of involved tissues.
However, the models are not homologous, but analogous,
to human Gaucher disease, because combined hypomor-
phism for GCase and prosaposin has not been described
in humans. Thus, these models could provide proof of prin-
ciple, rather than direct transference, for the human Gau-
cher disease types. These models also provide some in-
sight into the potential interaction of hypomorphic states
within a particular pathway leading to exaggerated disease
phenotypes.

One might anticipate that therapies based on enzymes,
supplementation, or gene therapy might have lesser ef-
fects in the PS-NA background because saposin C would
be limiting. Preliminary studies with mice containing a tet-
racycline transactivator-controlled human GCase with liver
expression suggest that substantial therapeutic effects of
“endogenous enzyme replacement” can be achieved in
the background of the PS-NA mouse (unpublished data).
In addition, these mouse models could provide an inter-
esting platform to evaluate substrate depletion approaches
to Gaucher disease, because GC accumulates substantially
in all tissues and, particularly, in the brain. An advantage
of these mouse models for substrate depletion evaluation
is that CNS and other glycosphingolipids are involved as a
result of the PS-NA abnormalities, and the total effect of
such approaches could be evaluated in these mice. Finally,
one might consider the use of molecular chaperones for
the enhancement of endogenous mutant GCase activity in
these mice and evaluate the tissue-specific effects. Indeed,
we have shown that the V394L mutant enzyme in mouse
fibroblasts shows a 4- to 7-fold enhancement of residual
enzyme activity when exposed to derivatives of N-alkyl-
deoxynojirimycins at subtoxic levels (unpublished data).
This suggests not only a potential for in vivo effects that
could be evaluated in the current mouse models but also a
potential “mutation-specific effect” that might show greater
enhancement relative to some other mutations in the
GCase gene.Hl
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