
Introduction
Gaucher disease, the most frequently occurring lysosomal
storage disorder, is caused by mutations in the gene (GBA)
encoding glucocerebrosidase, known also as acid β-glu-
cosidase (reviewed in ref. 1). Deficiency of the enzyme
impairs the lysosomal degradation of glycosphingolipids,
leading to the accumulation of glucosylceramide prima-
rily in macrophages. These storage macrophages, known
as Gaucher cells, are believed to underlie many of the clin-
ical manifestations of the disorder.

The most common form of Gaucher disease is type 1,
which is distinguished from the other forms of the dis-
ease, types 2 and 3, by the lack of neurologic involve-
ment. Within type 1 Gaucher disease there is a broad
spectrum of clinical severity ranging from patients with
life-threatening manifestations in childhood to some
individuals that are relatively asymptomatic through-
out their lives. Enzyme replacement therapy is an effec-
tive treatment for many of the manifestations of type 1
disease (2–4). Another therapeutic approach, substrate
deprivation, is focused on inhibiting synthesis of glu-
cosylceramide with small-molecule inhibitors of glu-
cosylceramide synthase, the enzyme responsible for the
synthesis of glucosylceramide (5–8).

The clinical features in type 1 Gaucher disease are
heterogeneous and affect many organ systems. The
major disease manifestations can include massive
hepatosplenomegaly, bone lesions, hematologic abnor-
malities, and lung involvement. The disease has also
been reported to be associated with a sustained inflam-

matory reaction (9). In this context some patients have
been described with lymphadenopathy (1), polyclonal
or monoclonal gammopathies (9–11), and elevated lev-
els of proinflammatory cytokines (12–15). An increased
risk for lymphoproliferative disorders involving the B
cell lineage has also been reported (9, 10, 16–19).

The complex pathophysiology of the disease is not
well understood, in large part due to the absence of
viable animal models. A complete disruption of the
Gba gene in mice resulted in rapid neonatal death (20).
In an attempt to produce a viable model we introduced
a human Gaucher disease point mutation, L444P, into
the mouse Gba gene to cause a partial enzyme defi-
ciency. Although less severely affected than the knock-
out animals, the L444P mutant mice only survived for
a few days after birth due to compromised epidermal
barrier function (21). We have now developed a breed-
ing scheme that allows long-term survival of some
mice homozygous for the L444P mutation. Although
these mice do not develop bulk accumulation of glu-
cosylceramide in tissues or demonstrate Gaucher cells,
they do display systemic inflammation including evi-
dence of B cell hyperproliferation. The results indicate
that β-glucocerebrosidase deficiency, even in the
absence of large amounts of sphingolipid storage, can
trigger an inflammatory reaction.

Methods
Generation of mutant mice. Previously we described mice
with the human L444P point mutation in the Gba gene
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that were produced by a knock-in procedure using the
mouse gene containing the mutation (21). We found
that mice homozygous for the mutation died within 3
days after birth, presumably due to impaired perme-
ability barrier function in the epidermis (21). This skin
defect causes excessive transepidermal water loss, con-
tributing to the demise of the pups (22). We have now
been able to extend the lifespan of some mice homozy-
gous for the mutation by a combination of optimized
breeding conditions and improved animal husbandry. 

We find that the type of cage bedding used is impor-
tant for pup survival. Wood chip bedding supports some
pup survival, whereas more highly absorbent beddings
such as those produced from recycled paper or corn cobs
generally do not. The highly absorbent beddings may
exacerbate moisture loss from the mutant pups. 

The second important factor in producing sufficient
numbers of viable mutant mice was the establishment
of homozygous GbaL444P breeding pairs. We were initial-
ly able to produce homozygous mutant breeding pairs
by breeding mice carrying the GbaL444P allele with mice
harboring the knockout glucosylceramide synthase
(Ugcg) allele (23), which controls the glucosylceramide
synthesis pathway (Figure 1, a and b). Both lines were on
mixed C57BL/6, 129/Sv backgrounds. After interbreed-
ing the double heterozygous mice (Gba+/L444PUgcg+/KO), we
were successful in producing adult mice homozygous
for the GbaL444P allele that were heterozygous for the dis-
rupted Ugcg gene (Ugcg+/KO) (Figure 1b). Through the
crossing of these double mutant mice, we found that
some GbaL444P/L444PUgcg+/+ pups survived past weaning.
Interbreeding these GbaL444P/L444PUgcg+/+ mice under opti-
mal cage conditions allowed survival of slightly more
than half of homozygous mutants past weaning (90
pups out of 167 born).

We have not obtained weaned mutant mice from het-
erozygous (Gba+/L444P) mating pairs (out of 110 mice
weaned: 39, Gba+/L444P; 71, Gba+/+; 0, GbaL444P/L444P). We
infer that the enhanced survival of mutant mice when
the mating pairs are homozygous for the mutant allele
may be due in part to the absence of competition with
their healthy wild-type and heterozygous littermates. In
all the experiments described here, the mutant mice
were of the genotype GbaL444P/L444PUgcg+/+.

To ensure similar genetic backgrounds, control wild-
type mice were derived from heterozygous matings or
from generation and background-matched mating
pairs. The mice were maintained under specific
pathogen-free conditions.

Blood count and blood chemistry. Blood specimens were
taken from the vena cava under deep anesthesia. Whole
blood was obtained from six mutant and three wild-
type mice at 3 months of age. Serum was obtained from
four mutant and four wild-type mice at 2 months of
age. Whole blood cell counts and blood chemistry were
determined in the Department of Laboratory Medicine
at the National Institutes of Health. The activity of
angiotensin-converting enzyme (ACE) was determined
using a ACE Reagent and Calibrator kits (Sigma Diag-

nostics, St. Louis, Missouri, USA). Serum chitotriosi-
dase activity was determined as described (24).

Lipid and enzyme analysis. Acid β-glucosidase activity
was determined in tissue extracts as previously
described (21). Neutral sphingolipid analysis was
accomplished by published methods (25) except that
the extraction was for 12 hours at 40°C. After desali-
nation, the samples were separated into acidic and
neutral glycosphingolipids by anion exchange chro-
matography with DEAE-cellulose (26) with some mod-
ifications. The lipid mixture was dispersed in 1 ml of
chloroform/methanol/water (3:7:1, vol/vol/vol) and
applied to the columns. The neutral lipids were eluted
with 8 ml of the same solvent, and then the acidic
lipids were eluted with chloroform/methanol/0.8 M
ammonium acetate in water (3:7:1, vol/vol/vol). The
plate was developed according to Shayman et al. (27),
and the bands were detected with a phosphoric
acid/copper sulfate reagent (25).

Quantitative mRNA analysis by real-time PCR. Cytokine
gene expression levels were determined after reverse
transcription of RNA samples by real-time PCR by
using an ABI PRISM 7700 Sequence Detection System
(Applied Biosystems, Foster City, California, USA) as
described previously (24). The TaqMan Pre-developed
Assay Reagent kits for murine TNF-α and IL-1β
(Applied Biosystems) were used. Total RNA was isolat-
ed from liver and lymph nodes with TRIzol (GIBCO
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Figure 1
Degradation and synthesis of glucosylceramide, and derivation of
GbaL444P/L444P mice. (a) Pathway of glucosylceramide degradation and
synthesis. Glucosylceramide synthase is encoded by the Ugcg gene.
Glucocerebrosidase (known also as acid β-glucosidase) is encoded
by the Gba gene. (b) Breeding scheme to derive adult GbaL444P/L444

mice. As described in Methods, heterozygous mice with the L444P
mutation in the Gba gene were cross-bred with mice carrying a dis-
rupted Ugcg allele (UgcgKO) to eventually obtain adult mice with the
genotype GbaL444P/L444PUgcg+/KO. These double mutant mice were inter-
crossed to obtain adult mice with the genotype GbaL444P/L444PUgcg+/+.



BRL; Life Technologies Inc., Rockville, Maryland, USA).
cDNA was synthesized from total RNA with reverse
transcriptase reaction using the Superscript II kit
(Invitrogen Corp., Carlsbad, California, USA). cDNA
was synthesized from 1 µg of total RNA for TNF-α and
300 ng of total RNA for IL-1β. For standardization of
quantitation, GAPDH was amplified simultaneously.
The expression level of each gene is presented as fold
increase in mutant mice compared with control mice.
Experiments were performed with four to seven mice
for each genotype.

Histology. After exsanguination of the mice, liver,
spleen, brain, lung, skin from the back of the neck, and
lymph nodes of cervical, axillary, inguinal, and mesen-
terial regions were dissected out. The specimens were
fixed in 10% buffered formalin solution, then embed-
ded in paraffin for light microscopic and immunohis-
tochemical studies. Sections (5 µm thick) were stained
with hematoxylin and eosin (H&E) and periodic acid-
Schiff (PAS) with diastase digestion. Hepatic cell death
was examined on the paraffin sections by in situ
TUNEL method using the ApopTag kit (Intergen Co.,
Purchase, New York, USA). For electron microscopy,
small pieces of the liver and lymph nodes were fixed in
2.5% glutaraldehyde in 0.05 mol/l cacodylate buffer
(pH 7.4) overnight at 4°C. Specimens were processed
by JEF Enterprises (Brookville, Maryland, USA). For
immunostaining, paraffin sections were deparaffinized

and rehydrated. Sections were subsequently treated
with trypsin for antigen retrieval. Sections were then
incubated with primary antibodies overnight at 4°C,
with rat anti–F4/80 antibody (Serotec Ltd., Oxford,
United Kingdom) for identification of macrophages,
and with rabbit anti-human Ig λ light chain (Neo-
Markers Inc., Fremont, California, USA) and rat anti-
mouse Ig κ light chain (BD Pharmingen, San Diego,
California, USA) for identification of Ig-producing
cells. The washed sections were incubated with labeled
polymer peroxidase-conjugated mouse and rabbit sec-
ondary antibodies (DAKO Corp., Carpinteria, Califor-
nia, USA). The peroxidase reaction was visualized by
diaminobenzidine and hydrogen peroxidase. IgG levels
in plasma were estimated using a mouse IgG ELISA
Quantitation kit (Bethyl Laboratories, Inc. Mont-
gomery, Texas, USA).

Results
As described in Methods, we were first able to produce
adult homozygous GbaL444P mice through cross-breed-
ing with mice carrying a knockout glucosylceramide
synthase (Ugcg) gene (23), which controls the glucosyl-
ceramide synthesis pathway (Figure 1, a and b).
Through interbreeding these double mutant mice, we
were ultimately successful in producing adult mice that
were homozygous for the GbaL444P allele and wild-type
at the Ugcg locus (Figure 1b).
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Figure 2
Growth, enzyme levels, organ weights, and lipid analysis of GbaL444P/L444P mice. (a) Body weights were determined from 12 to 120 days of age.
Filled circles represent the weights of GbaL444P/L444P mice; open squares represent the weights of wild-type mice. Results are means ± SEM for
three to seven male mice at each age. *P < 0.05, **P < 0.01. (b) Acid β-glucosidase activity in brain, spleen, liver, and lung of mutant (L444P)
and wild-type (WT) mice. Activity is expressed as nanomoles of substrate cleaved per milligrams of protein per hour. Results are means ± SEM
for three mice each. (c) Left panel: Spleen weights of mutant (L444P) and wild-type (WT) mice. Results are means ± SEM for 23–24 mice. 
*P < 0.001. Right panel: Ratio of liver to body weight of mutant (L444P) and wild-type (WT) mice. *P < 0.01. Results are means ± SEM for
21–22 mice. (d) Thin-layer chromatography of neutral lipid fraction from liver, spleen, and brain of 2-month-old mutant (L444P) and wild-
type (WT) mice. The migration positions of glucosylceramide (GlcCer), galactosylceramide (GalCer), and lactosylceramide (LacCer) are shown.



Survival, growth, viability, and organ size. Only about half
of the GbaL444P/L444P mice survived past weaning. These
survivors were generally fertile and had a lifespan of
more than a year. The body weight of the mutant mice
was normal until 50 days of age. After that time, the
body weight plateaued at about 15% less than that of
age-matched controls (Figure 2a). The liver and spleen
weights of the mutant mice were slightly enlarged when
compared with those of normal mice (Figure 2c).

Acid β-glucosidase activity and glucosylceramide levels. The
activity of acid β-glucosidase in several organs of the
mutant mice was found to be 15–20% of normal activ-
ity (Figure 2b). Comparison of enzyme levels with those
of mice homozygous for the more severe GbaRecNci muta-
tion indicates that at least half of the β-glucosidase
activity in the GbaL444P mutant mice is the result of
residual glucocerebrosidase activity (21). Abnormal
glucosylceramide accumulation in the liver, spleen, or
brain of mutant mice was not detectable by thin-layer
chromatography analysis (Figure 2d). Mice analyzed
ranged in age from 2 months to over 1 year old.

Hematologic findings and blood chemistry. The red blood
cell counts of the mutant mice were 88.8% of control val-
ues with hemoglobin and hematocrit values at 91.8%
and 88.7%, respectively (Table 1). White blood cell counts
in mutant mice were 62% of control. Platelet counts were
not significantly depressed in the mutant mice.

Total serum cholesterol in mutant mice was signifi-
cantly lower than in controls (Table 1). The liver
enzymes aspartate aminotransferase and alanine
aminotransferase were 160% and 141% of control levels,
respectively, indicating liver damage (Table 1). Chi-
totriosidase, an enzyme that is massively elevated in the
serum of Gaucher disease patients (28), was modestly
elevated in the serum of the mutant mice. However, acid
phosphatase and ACE, two other serum enzymes com-
monly elevated in the patients, were not significantly
altered in the mutant mice.

Histology. The major histologic finding in the
GbaL444P/L444P mice was multi–organ system inflamma-
tion. In mutant mice, inflammatory foci were found in
the liver (Figure 3, a and b), while no inflammatory
lesions were noted in the livers of control mice. The
inflammatory foci in the livers of mutant mice were
detected as early as 1 month of age. These lesions were
scattered throughout the liver and contained
macrophages, lymphocytes, and neutrophils. Apoptot-
ic hepatocytes could be identified in the inflammatory
lesions by the TUNEL method (Figure 3e). Kupffer cells
in control mice had a ramified structure (Figure 3c),
while in mutant mice the Kupffer cells were amoeboid
in shape, a morphology associated with an activated
state (Figure 3d) (24). mRNA for the proinflammatory
cytokine TNF-α was elevated about threefold in the
liver of the mutant mice relative to controls (Figure 3f).

Swollen, multinucleated macrophages containing
brown cytoplasmic granules were identified in the liver
of a 7-month-old mutant mouse (Figure 4, inset).
These cells were about 20 µm in diameter and found
both in inflammatory foci and in sinusoids. Electron
microscopy showed lipofuscin granules and abundant
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Figure 3
Inflammatory reaction in the liver of GbaL444P/L444P mice. (a) Inflam-
matory foci were scattered in the liver of a 2-month-old mutant
mouse (arrows). (b) Higher magnification of an inflammatory area.
Note the apoptotic hepatocyte in the inflammatory area (arrow). (c)
Immunostaining with F4/80 antibody to visualize ramified Kupffer
cells in wild-type liver sections. (d) In mutant liver, the F4/80–posi-
tive Kupffer cells were amoeboid and swollen. (e) TUNEL-positive,
apoptotic nuclei (arrows) were distinguished in the inflammatory
lesion of the mutant mouse. (f) TNF-α mRNA expression in the liver
of mutant and wild-type mice. *P < 0.001. Results are means ± SEM
for four to seven mice each. Bars = 50 µm.

Table 1
Hematologic profile of GbaL444P/L444P mice

Wild-type GbaL444P/L444P

WBC (K/µL) 10.5 6.5A

RBC (M/ml) 11.6 10.3B

Hb (g/dl) 17.0 15.6A

Ht (%) 55.6 49.4A

Plt (K/µl) 1,167 1,247
Chol. (mg/dl) 157 80B

AST (U/l) 44 71A

ALT (U/l) 30 42A

ACE (U/dl) 24 29
Chitotriosidase 167 609A

Acid phosphatase 15 27

Blood and serum samples were analyzed for white blood cell count (WBC),
red blood cell count (RBC), hemoglobin (Hb), hematocrit (Ht), platelet count
(Plt), total cholesterol (Chol.), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and ACE. The activity of chitotriosidase and acid
phosphatase is expressed as nmol substrate cleaved per mg protein per hour.
n = 3–6. AP < 0.05, BP < 0.0001. K, 103; M, 106.



tubular structures in the cytoplasm (Figure 4). The
tubules were in parallel or twisted arrays, as has been
described for the structure of stored intracellular glu-
cosylceramide (29).

Inflammation was also noted in the spleen and lung.
Aggregations of inflammatory cells, consisting of neu-
trophils, lymphocytes, and macrophages, were found
in the lungs of mutant mice (Figure 5a). Excessive neu-
trophil infiltration also appeared in the red pulp of the
spleen of the mutant mice (not shown).

Histologic abnormalities were noted in skin of the
GbaL444P/L444P mice, as has been previous described (21).
Both the stratum corneum and the epidermis were

thickened in the mutant mice (Figure 5c). Infiltration
of inflammatory cells was also noted in the upper der-
mis in mutant mice (Figure 5c).

Mutant mice exhibited lymphadenitis; cervical, axil-
lary, inguinal, and mesenteric lymph nodes were
affected (Figure 6a). Follicular hyperplasia and dis-
tended parafollicular areas were observed in the
mutant mice (Figure 6b). Abnormally large numbers
of plasma cells were also found in the lymph nodes of
mutant mice, consistent with plasmacytosis (Figure
6f). These cells were PAS-positive (not shown) and
reacted with antibodies to κ and λ light chains (Figure
6d). By electron microscopy, these cells had a charac-
teristic plasma cell morphology with abundant, dilat-
ed endoplasmic reticulum containing granular mate-
rial. In the lymph nodes of mutant mouse IL-1β,
mRNA was elevated fourfold above control levels (Fig-
ure 6g). Serum IgG in mutant mice was significantly
higher than in control mice (Figure 6g).

No Gaucher-like cells of characteristic “wrinkled tis-
sue paper” appearance (1) were found in liver, spleen,
bone marrow, lymph nodes, lung, brain, or any other
tissues of the mutant mice. No histologic abnormali-
ties of the bones or CNS were observed. The mice exam-
ined ranged in age from 2 months to over 1 year.

Discussion
In Gaucher disease patients, macrophages become
engorged with glucosylceramide and are found in near-
ly every organ. These Gaucher cells are believed to con-
tain the bulk of the glucosylceramide storage in tissues
and to be the proximate cause of the characteristic
hepatosplenomegaly and possibly the bony deteriora-
tion. However, many other clinical manifestations have
been described for which the etiology is unclear due in
part to the absence of viable animal models.

Mice homozygous for the GbaL444P mutation had lev-
els of acid β-glucosidase activity in the range of type 1
patients but did not accumulate large amounts of glu-
cosylceramide in tissues or show the presence of clas-
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Figure 4
Abnormal macrophages with lipofuscin granules and tubular struc-
tures. Inset; liver section from a 7-month-old mutant mouse show-
ing multinucleated macrophages (arrows) containing abundant
brown granules in their cytoplasm. Bar = 50 µm. Main portion: Elec-
tron microscopy revealed that these cells contain lipofuscin granules
(L) and abundant parallel and twisted tubular structures (arrows) in
their cytoplasm. Bar = 0.25 µm.

Figure 5
Pathology in lung and skin of GbaL444P/L444P mice. (a)
Lung of mutant mice showed scattered inflammatory
cell aggregations (arrows) in the mesenchyme. (b) Lung
of wild-type mice showed no signs of inflammation. (c
and d) Skin sections of mutant (c) and control mice (d).
Stratum corneum (SC) and epidermis (ED) of mutant
mice were thicker than those of wild-type mice. Inflam-
matory cell infiltration was distinguished in upper der-
mis (DER) of mutant mice (arrows). Bars = 50 µm.



sic Gaucher cells. Yet even without these hallmarks of
the disease, the mutant mice displayed some features
reported in Gaucher disease patients (Table 2). These
included systemic inflammation, anemia and
leukopenia, skin abnormalities, and depressed serum
cholesterol levels.

Although Gaucher-like cells of classic morphology
were not identified in the mutant mice, there were
detectable alterations in the macrophage population.
Changes in macrophage morphology indicative of an
activated state were noted in livers. Lowered cholesterol
and elevated chitotriosidase activity, which have been
attributed to an activated macrophage population in

Gaucher patients (28, 30, 31), were observed. In the
liver, rare macrophages of abnormal morphology were
identified with lipofuscin granules, consistent with an
impairment in lysosomal degradation. These cells con-
tained the characteristic tubular structures of stored
glucosylceramide (29), suggesting that the mice may
have limited local glycolipid accumulation. The
absence of a large population of storage macrophages
likely underlies the lack of detectable glucosylceramide
storage in tissues of the mutant mice and may explain
the absence of some of the more severe symptomology
such as hepatosplenomegaly and bone lesions.

The dominant pathologic feature in the mutant mice
was a multisystem inflammatory reaction with inflam-
matory cell infiltration in several organs, lym-
phadenopathy, and elevated TNF-α and IL-1β mRNA
expression. Evidence of B cell hyperproliferation was
found along with elevated serum IgG levels. In patients,
Gaucher cells, which have properties of activated
macrophages (9, 32), typically infiltrate many organs.
Cytokines including TNF-α and IL-1β have been report-
ed to be increased in patients (12–15). B cell dysfunction
characterized by hypergammaglobulinemia (10, 17) and
plasmacytosis (11, 33) has been described in some
patients. An apparently increased risk of B cell malig-
nancies — multiple myeloma and chronic lymphocytic
leukemia — has been described as associated with the
disease (9, 17–19). It has been suggested that the associ-
ation of these lymphoid cancers with Gaucher disease
may result from the chronic stimulation of B cells
through a sustained inflammatory reaction (9, 17, 18).

How might the inflammatory symptoms in the mice
be triggered in the absence of large amounts of gluco-
sylceramide storage and Gaucher cells? Recent studies
have demonstrated the activity of various sphingolipid
molecules as potent stimulators of signaling pathways
involved in inflammation (34, 35). G protein–coupled
receptors for sphingolipids have been shown to regu-
late the activity of cells of the immune system (35, 36).
We suggest that low levels of glucosylceramide or relat-
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Table 2
Comparison of some clinical features of type 1 Gaucher disease and
the GbaL444P/L444P mouse

Gaucher disease, type 1 GbaL444P/L444P

β-Glucosidase deficiency +
Tissue GlcCer accumulation –
Hepatosplenomegaly –
Gaucher cells –
Bone lesions –
Lymphadenopathy +
Elevated serum IgG +
Elevated plasma cells +
Elevated TNF-α, IL-1β +
Elevated chitotriosidase +
Low serum cholesterol +
Skin abnormalities +
Anemia +
Leukocytopenia +
Thrombocytopenia –

GlcCer, glucosylceramide.

Figure 6
Lymph node hypertrophy in the GbaL444P/L444P mice. (a) Cervical, axil-
lary, inguinal, and mesenteric lymph nodes were removed from a 2-
month-old wild-type and a 2-month-old GbaL444P/L444P mouse. The
lymph nodes of mutant mice (b) showed follicular hyperplasia and
dilated parafollicular zones compared with the lymph nodes of con-
trol mice (c). Immunostaining for κ light chain showed large numbers
of positive cells in the lymph nodes of the mutant mice (d) compared
with wild-type mice (e). Arrows point out a few of the positive cells. (f)
Plasmacytosis in the cervical lymph node of a 9-month-old mutant
mouse. Arrows point out a few of the abundant large plasma cells.
Bars = 50 µm. (g) Left panel: IL-1β mRNA expression in the cervical
lymph nodes of mutant (L444P) and wild-type mice. Results are means
± SEM for six mice. *P < 0.05. Right panel: Serum IgG levels in mutant
(L444P) and wild-type mice. Results are means ± SEM for five mice.



ed glycosphingolipids, generated focally in the mice,
may act as signaling molecules to dysregulate the
immune system. It is of interest that TDAG8, a G pro-
tein–coupled receptor found on macrophages, is trig-
gered by glucosylsphingosine (36).

The presence of inflammatory pathology in the
GbaL444P mutant mice suggests that inflammation can
be triggered with minimal glucosylceramide storage.
This inflammation reaction included a hyperprolifera-
tive response of B cells, a feature reported in Gaucher
patients. The results raise the possibility that even
“asymptomatic” patients — those without large
amounts of lipid storage — may face some risk from a
sustained inflammatory response.
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