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Gaucher disease is an autosomal recessively inherited
disease caused by mutations at the acid �-glucosidase
(GCase) locus (GBA). To develop viable models of
Gaucher disease, point mutations (pmuts), encoding
N370S, V394L, D409H, or D409V were introduced into
the mouse GCase (gba) locus. DNA sequencing veri-
fied each unique pmut. Mutant GCase mRNAs were
near wild-type (WT) levels. GCase activities were re-
duced to 2 to 25% of WT in liver, lung, spleen, and
cultured fibroblasts from pmut/pmut or pmut/null
mice. The corresponding brain GCase activities were
�25% of WT. N370S homozygosity was lethal in the
neonatal period. For the other pmut mice, a few stor-
age cells appeared in the spleen at >7 months (D409H
or D409V homozygotes) or >1 year (V394L homozy-
gotes). V394L/null, D409H/null, or D409V/null mice
showed scattered storage cells in spleen at �3 to 4
months. Occasional storage cells (sinusoidal cells) were
present in liver. In D409V/null mice, large numbers of
Mac-3-positive storage cells (ie, macrophages) accumu-
lated in the lung. Glycosphingolipid analyses showed
varying rates of progressive glucosylceramide accumu-
lation in visceral organs of pmut/pmut or pmut/null
mice, but not in brain. These GCase-deficient mice pro-
vide tools for gaining insight into the pathophysiology
of Gaucher disease and developing improved therapies.
(Am J Pathol 2003, 163:2093–2101)

Gaucher disease, an autosomal recessive trait, is the
most common lysosomal storage disease.1 Defective ac-
tivity of acid �-glucosidase (glucocerebrosidase, GCase,
EC3.2.1.45) in all cells leads to the various clinical phe-
notypes. Over 200 mutations at the human GCase locus

(GBA) have been defined in affected patients.1 The hu-
man disease phenotypes are highly variable, but all ex-
hibit hepatosplenomegaly and usually bone involvement.
Distinct variants have been described that do or do not
primarily affect the central nervous system.1–3 The mac-
rophage is the primary cell in visceral tissues involved in
all variants, but neuronal cell death is the major pathology
in the neuronopathic variants.4,5 The molecular bases
have not been elucidated for the phenotypic variation,
nor the presence or absence of neuronopathic diseases.

Genotype/phenotype correlations in human Gaucher
disease also are limited.6,7 The presence of at least one
N370S allele in affected patients is associated universally
with type 1, non-neuronopathic disease. N370S homozy-
gosity is associated with less severe phenotypes than
some heteroallelic states, eg, N370S/null. In contrast,
patients with the D409H/D409H genotype have a nearly
unique phenotype that includes neuronopathic disease,
hydrocephalus, and cardiac valvular and aortic calcifica-
tion.8 Homozygous patients with V394L or D409V alleles
have not been described, but the mutations have been
observed in heteroallelic patients.9,10 The N370S and
V394L enzymes have significant residual activity with
very similar in vitro kinetic properties.11 The D409H and
D409V enzymes are catalytically defective, unstable, and
susceptible to proteolytic digestion in insect cell expres-
sion systems.11 The absence of GCase activity in hu-
mans is not compatible with sustained survival in the
postnatal period.12–14 Similarly, the targeted disruption of
mouse GCase (mGCase) locus (gba) leads to a mouse
that survives for only a few hours after birth because of a
skin permeability abnormality.15,16 Absence of a viable
animal model has limited progress in understanding the
pathogenesis of Gaucher disease.
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In comparison, animal models do exist for a variety of
other lysosomal storage diseases and these have greatly
facilitated pathophysiologic and natural history studies.
These analogues of the human diseases have lead to
characterization of visceral and central nervous system
(CNS) involvement, and have provided useful tools for a
therapeutic endeavors.17–19 Many of the lysosomal dis-
eases lack spontaneously occurring animal models and
targeted disruption or “knock-in” techniques have been
used to alter the genes in mice to create such mod-
els.16,20–23 In some, the resultant phenotypes have ap-
proximated the human disease. Farber disease (cerami-
dase deficiency) and Gaucher disease (GCase
deficiency) have been notable exceptions.15,23 These
two related diseases both involve defects in the final
sequential steps in the degradation of higher ganglio-
sides and gluco-based sphingolipids to sphingosine and
fatty acids in the lysosome.24 The ceramidase null mouse
has an early embryonic lethal phenotype as a result of
aggressive apoptosis of the fertilized zygote.23 The gba
knock-out model exhibits defective skin permeability and
rapid demise shortly after birth.15 Similar early lethal phe-
notypes were found in the “knock-in” mice bearing the
L444P alleles.16 In humans, L444P/L444P homozygosity
is compatible with survival, albeit with a propensity to
develop CNS disease.25,26 Thus, unlike the mouse mod-
els for other lysosomal diseases, the knock-out mouse for
Gaucher disease has not proved highly useful for de-
tailed pathophysiologic studies.

In an effort to develop Gaucher disease mouse mod-
els, point mutations were introduced into gba that would
result in differential levels of GCase residual activities,
potentially leading to different phenotypes. The pheno-
typic, histological, and biochemical abnormalities are
presented for these viable mGCase mutant models.

Materials and Methods

Materials

The following were from commercial sources: culture me-
dia/antibiotics, random labeling kit, Trizol reagent, Super-
script first-strand synthesis system, baculovirus expres-
sion system (pBlueBac4.5 vector, and Sf9 and Sf21
insect cells) and TA cloning vector pCRII (Invitrogen,
Carlsbad, CA); 4-methyl-umbelliferyl-�-D-glucopyrano-
side (4MU-Glc; Biosynth AG, Switzerland); sodium tauro-
cholate and Protease Inhibitor Cocktail (Calbiochem, La
Jolla, CA); Triton X-100 and primulin (Sigma, St. Louis,
MO); pET21a vector and E. coli BL21 strain system (No-
vagen, Madison, WI); TOTALLY RNA kit (Ambion, Austin,
TX); restriction enzymes (New England Biolab, Boston,
MA); Quick-Change kit (Stratagene, CA); PVDF mem-
brane (Millipore, Bedford, MA); alkaline phosphates (AP)-
conjugated goat anti-rabbit IgG and AP-developing re-
agents A & B (Bio-Rad, Hercules, CA); rat anti-mouse
Mac-3 monoclonal antibody (Pharmingen, Palo Alto, CA);
ABC Vectastain (Vector Laboratory, Burlingame, CA);
[32P]-dCTP (PerkinElmer Life Sciences, Boston, MA); and

the gba null mouse15 was from Jackson Laboratories
(Stock No. 002594).

Targeting Constructs and Genotyping

After specifying the point mutations and construct char-
acteristics, targeting construct development, embryonic
stem (ES) cell homologous recombination and injection,
and breeding of chimeras for each mutant allele with or
without neo were under a fee-for-service contract (Lexi-
con Corp., Houston, TX). Targeting vectors contained all
of exons 5 to 11 and part of intron 4 and the 3� flanking
region of gba (Figure 1). The single base substitutions
c.A1249G, c.G1320C, c.G1365C, or c.A1366T in exon 9
were specified to encode N370S, V394L, D409H, and
D409V. The nucleotide numbering was based on the
mGCase mRNA/cDNA sequence (GenBank Accession
No. M24119).27 ES cells were from the 129/SvEvBrd
stain. For the majority of these mice, the PGKneo-loxP
sequence was removed using a protamine promoter-
driven cre recombinase transgene in spermatogonia of
male chimeric mice, thereby leaving only a 94-bp loxP
junction sequence in intron 8 of sperm. Transmitting mice
were crossed into C57BL/6 to generate heterozygotes
bearing the point-mutated alleles. The mutations in these
mice were verified by sequencing the intron 8 and exon 9
regions and the entire mGCase cDNA from cellular
mRNA of homozygous mice. The genomic fragments
were generated by PCR using the 5� primer mGC4996F
(5�-CACAGATGTGTATGGCCATCGG-3�, intron 8 region)
and the 3� primer mGC5387R (5�-CTGAAGTGGCCAA-
GATGGTAG-3�, end of exon 9). This pair of primers gen-
erated a 391-bp fragment from wild-type (WT) gba DNA
and a 485-bp fragment (391 � 94-bp lox-P junction se-
quence) from all point-mutated gba DNA. PCR was per-
formed at 94°C, 1 minute; 58°C, 1 minute; 72°C, 1 minute
for 35 cycles, and then, 72°C, 7 minutes for one cycle. For
cDNA synthesis the 5� primer was 5�-GGCCGGAATTC-
CTCCAGTTTCCAAGATC-3� and the 3� primer was 5�-
GTGCTAAGTCTAGATGCCTGCTCAGG-3. The mGCase

Figure 1. Mouse gba targeting strategy. The WT gba is shown at the top. The
replacement fragment from the targeting construct (second line) contained
exons 5 to 11, parts of intron 4 and the 3� flanking region, and a floxed neo
selection marker in intron 8. The fourth line shows the resultant recombina-
tion with gba (gba with neo) and, following cre excision of neo (gba without
neo) the recombined allele containing one loxP ( ) site and the individual
exon 9 mutations (*).

2094 Xu et al
AJP November 2003, Vol. 163, No. 5



full-length cDNAs were cloned into pCRII from point-
mutated or WT homozygotes. The mutated and WT ho-
mozygotes DNA sequencing showed only the created
point mutation from each respective allele.

Creation of the gba null allele by insertion of the neo
containing vector sequence (�1850 bp) resulted in an
additional deletion of genomic nucleotides g.5330 to
g.5728 in exons 9 to 10 (Jackson Laboratory Stock No.
002594).15 This was determined by sequencing the allele
and development of the following PCR primers for geno-
typing the gba null/WT mice: forward primer 1
(mGC5223F) located in gba exon 9 (5�-GAACCTCCTT-
TACCACGTAACTGG-3�); reverse primer 2 in the knock-
out vector (5�-GGCCTACCCGCTTCCATTGCT-3�); and
reverse primer 3 (mGC5765R) located in gba exon 10
(5�-GTGCTCTCACTGGCCACCAACG-3�). PCR with
primers 1 and 3 generated �550-bp fragment from the
WT allele of the null/WT mouse and primers 1 and 2
generated about �430-bp fragment from the “knock-out”
allele. PCR was performed at 94°C for 1 minute, 58°C 1
minute, 72°C 1 minute for 35 cycles, and then, 72°C, 7
minutes for one cycle. The PCR products were verified by
sequencing.

Northern Blots

Total RNA from cultured skin fibroblasts of WT or point-
mutated mice was isolated using Trizol reagent. For iso-
lation of tissue RNAs, liver, spleen, lung, and brain tis-
sues were immediately processed using the TOTALLY
RNA kit. Total poly(A) RNA was isolated using Oligotex
(Qiagen). Northern analyses then were conducted as
described.28 Signals were normalized to GAPDH
mRNA.29 Quantification was by densitometry (Storm 860
PhosphoImager, Amersham-Pharmacia Pharmacia Bio-
tech).

Expression of mGCase and Activity Assays

The full length mGCase cDNA was cloned into and ex-
pressed from the pET2la vector. The resultant GCase
was purified by SDS-PAGE (12.5%) and electro-eluted.30

Rabbit anti-mGCase antibodies were raised as de-
scribed.31 For characterizing mouse WT and mutant
GCase activities, the full length (1.6 kb) WT mGCase
cDNA was re-cloned into pBlueBac4.5, recombinant vi-
rus isolated, and mGCase expressed in Sf21 insect cells.
The N370S, V394L, D409H, and D409V mutant templates
were generated by mutagenesis in pBlueBac4.5 on the
WT background using the Quick-Change kit and verified
by sequencing. Transfections, cell culture, selection of
recombinant virus, and plaque assays were performed
as described.32 mGCases were isolated from serum-free
medium surrounding Sf21cells that had been infected at
MOI 5 to 10. The medium contained DTT (1 mmol/L).
Enzyme assays, conduritol B epoxide inhibition (CBE),
and CRIM-specific activities were as described for the
hGCase.11,33 For tissue mGCase activities, assay mix-
tures were preincubated in the presence and absence of
CBE (1 mmol/L) for 40 minutes (37°C). The substrate

(4MU-Glc) was added and the reactions were stopped
after an additional 30 minutes of incubation (37°C).11

Tissue Lipid Analyses

Tissue samples (�100 mg wet weight) were added to
H2O (0.6 ml) and methanol (2 ml), homogenized (Power-
Gen 35, Fisher Scientific), and then chloroform (1 ml) was
added. The samples were shaken (� 15 minutes) and
centrifuged (5 minutes, 1000 � g). The pellet was re-
extracted with H2O (0.7 ml) and chloroform/methanol (3
ml, 1/2 v/v). The combined organic phase supernatants
were centrifuged (10 minutes, 7,000 � g), transferred to
fresh tubes, and dried under N2.34 Extracts were resus-
pended in chloroform/methanol/water (15 ml, 60/30/4.5,
v/v/v) and desalted on Sephadex G-25 (0.8 � g).35 These
samples were subjected to alkaline methanolysis36 and
desalted. Relative proportions of lipids from �100 mg
(wet weight) of tissue samples were determined by thin-
layer chromatography with borate impregnated plates37

(TLC, 10 cm2 Merck HPTLC silica gel 60, 200 �m). Plates
were developed in chloroform/methanol/water (65/25/4,
v/v/v). Lipids were visualized with primulin spray (100
mg/L in 80% acetone) and blue fluorescence scanning
(Storm 860, Amersham Pharmacia Biotech).

Histological Studies

Mutant and WT mice were sacrificed by age groups. The
major organs (liver, spleen, lung, brain, bone marrow,
and skin) were collected, fixed in 10% buffered formalin,
embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H&E) for light microscopic studies. For
Mac-3 monoclonal antibody staining, tissues were fixed
with 4% paraformaldehyde in PBS, pH 7.4. Sections were
incubated with rat anti-mouse Mac-3 monoclonal anti-
body in PBS containing 5% goat serum for 1 hour at 37°C.
Biotinylated goat anti-rat IgG was used as the reporter.
Detection was performed using ABC Vectastain and DAB
peroxidase substrate according to manufacturer’s in-
struction.

Results

Creation of missense mutations in gba. gba point muta-
tions encoding for N370S, V394L, D409H, and D409V
were created (Figure 1) and appropriate homologous
recombination was verified by Southern blotting (data not
shown). Germ-line transmission of mutations encoding
N370S, V394L, D409H, or D409V was verified and each
chimeric variant was crossed into C57BL/6 mice. The
homozygotes for the point-mutated gba mice reported
here represent a mixture of �50% C57B/6 and �50%
129/SvEvBrd. The desired point mutation in each mouse
line was verified by sequencing intron 8 and exon 9
regions of gba and the entire mGCase cDNA (see below).
The diagnostic PCR analyses showed a 391-bp fragment
from the WT gba locus (Figure 2, bottom band) or a
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485-bp fragment from the mutated allele (Figure 2, top
band). This strategy was used for mouse genotyping.

Homozygotes for the point mutations containing neo
(see Figure 1; ie, N370S�neo/N370S�neo or V394L�
neo/V394L�neo) and the N370S homozygotes (N370S-
neo/N370S-neo) died within 24 hours of birth. The dead
pups resembled null/null pups,15 and had red, wrinkled,
dry skin that was indicative of disruption of the skin per-
meability barrier. Cultured skin fibroblasts from the mice
that bore neo� alleles had no detectible mature mGCase
mRNA or mGCase activity. Homozygotes for the V394L,
D409H, or D409V survived to at least 58 to 78 weeks, and
were fertile. Additional phenotypes were obtained by pro-
ducing V394L/null, D409H/null, or D409V/null mice by
crossing homozygote point mutants with null/WT mice.
Total cellular RNA from cultured skin fibroblasts of point-
mutated mice was subjected to RT-PCR to generate
cDNAs for sequencing. The sequence of full-length
GCase cDNAs showed only the specified substitutions
that corresponded to alleles encoding N370S, V394L,
D409H, or D409V. These were the only differences from
the cDNA sequence of simultaneously sequenced mG-
Case cDNAs from homozygous WT littermates.

Characterization of GCase mRNA, Protein, and
Enzyme Activities from gba Mutated Mice

mGCase RNA levels in fibroblasts and tissues were quan-
tified using Northern hybridizations. [32P]-GCase RNA sig-
nals were normalized to those hybridized with [32P]-GAPDH
RNA on the same membranes. The mGCase mRNA levels
in WT cells/tissues were set to 100%. The levels of mGCase
mRNA from cultured skin fibroblasts of homozygous point-
mutated mice (N370S, V394L, D409H, or D409V) were
within a twofold range (63 to 115%) of that in WT (relative to
GAPHD). The levels of mGCase RNAs from liver of homozy-
gous point-mutated or point-mutant/null mice also ranged
from 50 to 100% of WT. Similar results were obtained from
the Northern analyses of spleen and brain. In comparison,
no mature mGCase RNA was detected in skin fibroblasts
from the null/null mice. A slower migrating band (�5.7 kb)
from null/null mouse mRNAs hybridized with a neo probe
indicating that the RNA was disrupted by the inserted
sequence.

In general, for homozygotes the residual mGCase
in vitro activity levels in tissue and fibroblasts were in
the following order: WT�V349L�N370S (fibroblasts
only)�D409H�D409V (Table 1). The lowest GCase ac-
tivities (2.5 to 6.4% of WT) were in liver. Slightly higher
levels were in spleen (4.5 to 10.9% of WT), and in lung
(4.0 to 7.7% of WT). In comparison, the residual activity in
brain was higher (21.4 to 27.8% of WT). The residual
activities of the point-mutant/null mice were lower than
the corresponding homozygotes. The presence of neutral

Table 2. CRIM-Specific Activity of Mutant mGCases
Expressed in Insect Cells

Source Relative GCase activity

WT 100%
N370S 15.4 � 5.1%
V394L 12.4 � 3.4%
D409H 12.9 � 3.5%
D409V 21.6 � 4.8%

GCase activity assays were conducted with mGCases harvested
from media of Sf21 insect cells infected with the appropriate
recombinant baculovirus. CRIM amounts were determined by
densitometric scans of immunoblots. Values � SD were from three
determinations.

Figure 2. Genotype analyses for gba point mutations. A 391 bp PCR frag-
ment from WT (bottom arrow) or a 485-bp PCR fragment (391�loxP, top
arrow) from point-mutated gba mice. The genotypes are indicated above
each lane. �/�, WT homozygote; �/�, heterozygote (V394L, D409H, and
D409V); and �/�, homozygote (eg, D409V). Ctrl is the PCR control without
template DNA. MW � size standards.

Table 1. GCase Activity in Tissues and Skin Fibroblasts of Point-Mutated Mice*

Liver (%) Spleen (%) Brain (%) Lung (%)
Fibroblasts

(%)

WT/WT 100 100 100 100 100
N370S/N370S N/A† N/A† N/A† N/A† 12.8 � 2.3
V394L/V394L 4.0 � 1.4 10.9 � 2.7 27.4 � 3.6 7.0 � 1.4 25.1 � 6.3
V394L/null 6.4 � 0.7 6.2 � 1.2 23.0 � 4.5 7.7 � 1.4 12.8 � 3.6
D409H/D409H 5.4 � 2.4 9.3 � 2.2 27.8 � 6.8 6.7 � 0.8 7.7 � 1.5
D409H/null 5.7 � 0.7 4.5 � 2.0 23.3 � 3.59 4.2 � 0.7 3.2 � 1.2
D409V/D409V 2.5 � 0.9 6.2 � 2.7 22.5 � 3.8 5.4 � 2.2 4.4 � 0.9
D409V/null 3.9 � 0.4 6.8 � 3.2 21.4 � 1.6 4.0 � 1.3 3.2 � 0.8
Null/null N/A† N/A† N/A† N/A† 1.0 � 0.2

*GCase activity assays (� SD) were conducted in presence of the GCase irreversible inhibitor CBE (Materials and Methods). Assays were
performed with samples from three to five individual animals.

†NA, N370S/N370S, and null/null died shortly after birth and assays on tissue extracts were not available.
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(non-CBE inhibitable) activity in all tissues, except fibro-
blasts, may have obscured perfect correlations even in
the presence of CBE.38 Tissues for enzyme assays of
N370S/N370S, N307S/null, or null/null were not available
due to the lethal phenotype.

The recombinant mGCases (WT, N370S, V394L,
D409H, and D409V) were expressed using the baculovi-
rus system. Each mGCase activity was determined in
culture medium of infected Sf21 cells. The specific activ-
ities relative to cross-reacting immunological material
(CRIM) were determined for each point-mutated mGCase
(Table 2). These values varied between �12 and 22% of
WT, indicating an eight- to fivefold decrease catalytic
function (ie, kcat) for the mutant proteins. The CBE IC50

values for WT, and the N370S and V394L mGCases
differed by about fivefold (Figure 3). The results showed
that the N370S and V394L mGCases and hGCases had
similar in vitro kinetic properties.11

Phenotypic, Histological, and Lipid
Characterization of gba Point-Mutated Mice

Mice homozygous or compound heterozygous for gba
point mutations, except N370S, appear phenotypically
normal and have survived as follows: �78 weeks for
V394L/V394L, �68 weeks for D409H/D409H, and �66
weeks for D409V/D409V. All of the point-mutant/null mice
lived �42 weeks. The total life-spans of these mice could
be �75 weeks, but were foreshortened by sacrifice. All
mice have grossly normal behavior, reproduce and show
no gross evidence of CNS abnormalities. The liver weight
ranged from 5.2 to 6.1% of body weight (n � 40; WT �
5.2%, n � 12). The splenic weight ranged from 0.2 to
0.4% of body weight (n � 40; WT � 0.33%, n � 12).

The histologies of the liver, spleen, lung, and bone
marrow were evaluated by H&E stained tissue sections
under light microscopy. The spleen was involved in all
mice. Storage cells (Gaucher cells) appeared in small
numbers in spleen at �7 months (D409H/D409H or
D409V/D409V) or �1 year (V394L/V394L) (Figure 4). In
mice with the V394L/null, D409H/null, or D409V/null ge-
notypes, storage cells appeared �3 to 4 months earlier
than in the corresponding homozygotes. In D409V/null,
large numbers of storage cells also appeared in lung
(Figure 5, top) and a few scatter cells in liver at 3 months.
These storage cells stained positive for the cell surface
antigen Mac-3 (Figure 5, bottom). No obvious storage
cells were found in other tissues, ie, brain, kidney, or
bone marrow. No differences in the phenotypes or histol-
ogy of heteroallelic mice, ie, V394L/N370S, were de-
tected when compared to that in the respective homozy-
gotes or point-mutant/null mice. This indicated a lack of in
vivo negative interactive effects between the various
point-mutated proteins.

Accumulations of glucosylceramide were present in
various tissues. At 6.5 months, D409V/null mice had glu-
cosylceramide accumulation in liver, lung, and spleen
(�4xWT), but not in brain (Figure 6). The D409V/D409V,

Figure 3. CBE inhibition of mouse N370S and V394L mGCases: WT (�),
V394L (�) and N370S (Œ) mGCase were harvested from media of Sf21 cells
infected with the desired recombinant baculovirus. The enzymes were de-
lipidated and dialyzed before being incubated (30 minutes; 37°C) with
conduritol B epoxide (CBE, 1 to 500 �mol/L) and 4MU-Glc (4 mmol/L). The
control sample (f) was from media of uninfected Sf21 cells.

Figure 4. Storage cells in spleen and liver of gba point-mutated mice. A: Representative samples from spleen of D409V/null mice. A large storage cell (arrow)
is illustrated with prominent amounts of pale staining vacuolated cytoplasm. (H&E, magnification, �400). B: A representative section from liver. A small cluster
of pale staining storage cells are illustrated in the sinusoidal space (H&E, magnification, �400).
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D409H/D409H, and D409H/null mice all had a smaller
amount of accumulated glucosylceramide (�2- to 4-fold)
in these tissues at comparable ages. In 13-month V394L/
V394L and 9-month V394L/null mice lesser glucosylcer-
amide accumulations were observed in liver, spleen,
and/or lung compared to the other variants (Figure 6).
None of the mutant mice showed increased glucosylce-
ramide in brain.

Discussion

Transgenic and “knock-out” mice have provided power-
ful tools to investigate the pathophysiology and molecular
bases of a variety of human diseases. The lack of a viable
mouse model in Gaucher disease has been a significant
impediment to understanding some of the complexities of
this disease including genotype/phenotype correlation,
general, or tissue-specific pathophysiologies, and the
development of new therapeutic approaches. The knock-
out mouse (gba-null) and L444P-like mutations resulted in

neonatal death.15,16 A potential confounder in such mice
was the insertion of large amounts of extraneous (neo
and other) sequences in introns or the 3� region of
gba.15,16 Indeed the V394L�neo homozygotes had a
phenotype similar to the null/null and “L444P-like” ho-
mozygotes. These studies indicated the need to develop
genetically altered mice without significant extraneous
sequences. An interesting complex mouse model was
developed by combining the L444P homozygote with a
substrate supply reduction (heterozygote for the glu-
cosylceramide synthase knock-out).39 These mice lived
for more than 1 year, but did not display a storage phe-
notype, although inflammation was noted in several tis-
sues. Such inflammation was not present in the mutant
mice presented here.

To develop improved mouse models for Gaucher dis-
ease, four individual GCase point mutations were intro-
duced into gba using the cre-loxP system to remove the
intron 8 neo selection marker.40 Homozygotes for V394L,
D409H, and D409V had no gross phenotypic abnormal-

Figure 5. Storage cell staining with Mac-3. A: Section of wild-type lung with no accumulation of storage cells in the alveolar spaces. B: D409V/null lung with large
storage cells (arrows) in the alveolar space. C: Wild-type lung stained for Mac-3. D: Mac-3 staining of lung from the D409V/null mouse indicating macrophage
origin of the storage cells. Magnification: �165 (A), �250 (B), �350 (C and D).
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ities, were fertile, and reproduced. The residual activity in
major organs of these mice was low, and few macro-
phage storage cells were in the spleen at �7 months in
D409H and D409V homozygotes and �1 year in V394L
homozygotes. Concomitantly, in these homozygous mice
only small amounts of glucosylceramide accumulated. In
comparative studies of recombinant mouse WT or mutant
(eg, N370S) GCases, or mGCases from tissues (D409H,
D409V, or V394L), the mutant enzymes had similar prop-
erties to the corresponding hGCases.11 These observa-
tions indicate different effects of homologous mutations in
mice and humans.

Mice with greater reductions in residual activity were
developed by crossing the GCase point-mutated and null
mice. Compared to the corresponding homozygotes,
these compound heterozygotes developed more and
earlier storage cells and glucosylceramide accumulation.
Large numbers of storage cells and glucosylceramide in
the lungs of the D409V/null mice and the predilection for
storage material in the spleen indicates differential sub-
strate supplies and fluxes in various tissues. Such results
provide support for thresholds of residual activities/altered
substrate fluxes that dictate phenotypic development. This
threshold level for glucosylceramide flux depends on the
overall flux through the GSL degradative and biosynthetic

pathways.41 Recent studies of gbaL444P/L444PUgcg�/KO

mice, ie, homozygous for a L444P alleles and heterozy-
gous for a glucosylceramide synthase knock-out allele,
also support such thresholds.39 Reducing synthesis of
glucosylceramide changed the phenotype to mice that
live beyond a year without storage. Theoretically, glu-
cosylceramide flux through the GSL pathway depends on
influx and efflux and the Ugcg�/KO mice would have
reduced glucosylceramide storage.16,39 This model sup-
ports the importance of substrate flow through the path-
way in determining the threshold level of substrate flux
that influences phenotypic development.

The gbaL444P/L444PUgcg�/KO and the point-mutated
mice developed here differ significantly. Importantly, the
point-mutated mice have storage of glucosylceramide
and storage cells whereas the gbaL444P/L444PUgcg�/KO

did not. Certainly, the viability of the latter mice depended
on the presence of the heterozygous state for a knock-out
of glucosylceramide synthase, which decreased the level
of substrate. In addition, these gbaL444P/L444PUgcg�/KO

mice were against a mixed background that may
have differed from that in the present point-mutated mice.
In addition, the present mice did not show any signs
of inflammation in any organ, consistent with observa-
tions in human non-neuronopathic Gaucher disease. The

Figure 6. Glycosphingolipid (GSL) profiles from various tissue of point-mutated gba mice. Cerebellum, liver, spleen, and lung (�100 mg wet weight) were from
gba mutant mice at various ages. The tissues were processed for thin-layer chromatography. The genotypes and ages are indicated only on the bottom for clarity
of presentation. Migration standards for of sphingolipids are on the right: GluCer, glucosylceramide; GalCer, galactosylceramide; SO4-GalCer, sulfogalactosylce-
ramide; LacCer, lactosylceramide; THCer, ceramide trihexoside; Spm, sphingomyelin. The borate-impregnated plates were developed in chloroform/methanol/
water (65/25/4) using borate-impregnated plates. Mature WT mice showed little variation in GSL levels in the respective tissues within the time frame of these
experiments.
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origin of the inflammatory areas and molecules in the
gbaL444P/L444PUgcg�/KO mice is uncertain.

Differential residual GCase activities were observed in
the CNS and visceral tissues of the Gaucher disease
mice. Neuronopathic disease is the life-threatening com-
plication in the human types 2 and 3 variants.1 Few
studies of residual GCase activity are available on fresh
brains of such affected patients.42,43 Mouse models
could be helpful in understanding the basis of the neu-
ronopathic disease. An unexpected finding was the �2-
fold greater residual activities in brain (21 to 28%) com-
pared to those in visceral organs (�2.5 to 11%) from the
respective point-mutant mice. These activities were ob-
tained in the presence of CBE to minimize potential con-
tributions from non-GCase � -glucosidase activities in the
assessments. Glucosylceramide accumulation was not
evident in the CNS of gba mutant mice. Furthermore,
none of these mice up to �1 yr showed observable
neuronopathic involvement phenotypically or histologi-
cally. The basis for the differential, and potentially pro-
tective, residual GCase activity is not evident, particularly
since tissue mRNA GCase levels of these point-mutant
GCase were similar to those in WT mice. This suggests a
differential in post-translational processing or lower turn-
over of mutant GCase protein in brain than in other tissue
types.

In visceral tissues the appearance of storage cells was
not directly correlated with the in vitro level of residual
GCase activity. In all three homozygous mutant mice and
their respective compound heterozygotes, the livers had
lower residual activities and fewer storage cells or stored
lipid than the spleen or lung. In the D409V/null mice, the
residual GCase activity in lung (4.0%) was similar to that
in liver (3.9%), but larger numbers of storage cells were
found in lung. These observations indicate a different
threshold level for residual activity in different tissue type
and/or different levels of glucosylceramide presentation
to the liver and lung.

An important issue in studies of gba point-mutated
mouse models is the correspondence with human dis-
eases and hGCases. In particular, the lethality of the
N370S/N370S mice was unexpected since humans with
this genotype characteristically have less severe dis-
ease.7 The mouse N370S and V394L enzymes ex-
pressed in the baculovirus systems had inhibition analy-
ses with CBE that were similar to the human N370S and
V394L (ie, a 3- to 5-fold increased IC50). Also, hGCase
and mGCase have similar thermostabilities (data not
shown).

The skin of N370S/N370S or N370S/null pups ap-
peared similar to that in the GCase-null or L444P-like
homozygote pups. This suggests a skin permeability bar-
rier defect in these mice as the cause of demise. This
phenotype did not correlate with the level of in vitro resid-
ual activity in cultured skin fibroblasts (�13% of WT). This
implies that mouse N370S GCase may not efficiently
degrade the skin glucosylceramides with very long chain
fatty acid acyl chains as well as the hGCase N370S.
Further study of lipid metabolism in these point-mutated
mice in vivo or ex vivo will be necessary to understand this
pathophysiology.

In humans D409H homozygosity is associated with a
characteristic phenotype of aortic root and valve calcifi-
cation as well as progressive CNS abnormalities.44 How-
ever, these pathological changes were not found grossly
in the few D409H/D409H mice or more severe D409H/null
mice examined to date. D409V has been found only as a
heteroallelic mutation in humans with type 1 and 3 dis-
eases.10,45 In mice D409V/D409V leads to a more severe
phenotype than the D409H/D409H. GCase activity in
D409V/null mice was insufficient to clear glucosylceram-
ide from the lungs leading to a significant number of
storage cells in that organ early in life.

Overall, mGCases (ie, WT and N370S) have similar
biochemical properties as their human counterpart. How-
ever, the tissue involvement in GCase point-mutated
mice showed phenotypic and histological differences
from the human counterparts. This may suggest the dif-
ferent physiology of mGCase in vivo and different balance
of between GSL synthetic and degradation pathways in
mouse compared with in human. Although there are
some differences in phenotypes in Gaucher patients and
in point-mutated mice, these viable mice should provide
for pathophysiologic and therapeutic studies in vivo.
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