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Abstract

The effect of allogeneic bone marrow transplantation (BMT)
was investigated in the neurologically affected twitcher mouse,
a model for human Krabbe's disease. Twitcher mice have a
hereditary deficiency of the lysosomal enzyme galactosylcera-
midase, which causes growth delay, tremor, and paralysis of
the hind legs. Death occurs at 30-40 d of age. After BMT
galactosylceramidase activity increased to donor levels in he-
mopoietic organs. In lung, heart, and liver, galactosylcerami-
dase activity rose to levels intermediate between those of
twitcher and normal mice. Increased galactosylceramidase ac-
tivity in liver parenchymal cells indicated uptake of the donor
enzyme by recipient cells of nonhemopoietic origin. Enzyme
activity also increased in kidney tissue. BMTresulted in a
gradual increase in galactosylceramidase activity in the central
nervous system to 15% of normal donor levels. A 5-6-fold
increase in galactosylceramidase activity was found in the pe-
ripheral nervous system. This increase in enzyme activity was
accompanied by a partial alleviation of neurological symptoms9.
In particular, paralysis of the hind legs was prevented by
BMT. BMTled to a modest restoration of growth and pro-
longed survival. In several cases, the mice survived for more
than 100 d, but eventually all animals died with severe neuro-
logical disease.

Introduction

Bone marrow transplantation (BMT)' has been proposed for
the treatment of lysosomal storage diseases (1), since bone
marrow-derived blood cells and tissue macrophages, which
are enzymatically normal, may serve as a continuous source of
enzyme. Increased enzyme levels have been reported in
plasma, blood cells, and liver tissue after BMT(1, 2). Increased
enzyme activity in the central nervous system (CNS) of pa-
tients transplanted for lysosomal storage diseases has not been
reported. This might be due to the blood-brain barrier, which
prevents circulating enzyme from entering the brain tissue (3).
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1. Abbreviations used in this paper: BMT, bone marrow transplanta-
tion; CNS, central nervous system; PNS, peripheral nervous system.

Evidence that BMThas a beneficial effect on the neurological
symptoms of patients with lysosomal storage diseases is incon-
clusive so far.

Since evaluation of the effect of BMTin patients is com-
plicated by the variability in clinical course (4), inbred strains
of mutant mice, which show a uniform disease pattern, are
important tools with which to study the effects of BMT.

The twitcher mouse is a mutant with a hereditary defi-
ciency of the lysosomal enzyme galactosylceramidase, which
results in severe lesions of the CNS(5). This deficiency results
in a disease pattern similar to human globoid cell leukodys-
trophy (Krabbe's disease) (6). Galactosylceramidase plays an
important role in the turnover of myelin (5). The pathological
lesions of the CNS, e g., severe demyelination, disappearance
of oligodendrocytes, and globoid cell infiltration, are similar to
those described for the human disease. In comparison to the
human disease, peripheral nervous system (PNS) involvement
is prominent in twitcher mice (6). In the present investigation,
galactosylceramidase levels in CNSand other tissues and the
clinical course of the disease were recorded in twitcher mice
after BMT.

Methods

Mice. The original stock of twitcher mice was obtained from Jackson
Laboratory, (Bar Harbor, ME) and has been mated on a C57BL-6J
background for - 12 generations. A colony of twitcher mice has been
maintained in our laboratory by brother-sister matings using heterozy-
gous mice. Affected mice were identified by the galactosylceramidase
activity in clipped tails (7) at day 3-5 after birth as described in detail in
Enzyme assays.

Enzymatically normal male and female, congenic C57BL-6J mice,
8-10 wk old, were used as bone marrow donors.

Bone marrow transplantation. Bone marrow was obtained by
flushing tibiae and femora of donor mice with Hepes' buffered HBSS.
Twitcher mice and normal control littermates were irradiated at 8-1 1
d of age with a lethal whole body dose (9.0 Gy) of'37Cs gammarays. 1 d
later, the mice were transplanted intraperitoneally with 3-5 X 10' bone
marrow cells using 30G needles. After weaning, the mice were fed
standard laboratory animal chow soaked in acidified water, placed on
the floor of the cage to facilitate feeding. No further supportive care
was given.

Isolation of liver parenchymal cells. Liver parenchymal cells were
isolated by collagenase treatment as described by van Bezooyen et al.
(8), with minor modifications to make this method applicable to
twitcher mice weighing only 6-7 g. Briefly, the livers of the trans-
planted mice and controls were perfused in situ through the portal vein
with Ca"+-free perfusion medium (8), followed by 0.05% collagenase
in perfusion medium for 20 min at 370C with a flow rate of 0.7
ml/min. Immediately after perfusion, the liver was removed and
minced finely. After sieving, the cell suspension was centrifuged for
1-3 min at 30 g. The pellet consisted of > 95% liver parenchymal cells.
The viability of these cells as measured with trypan blue exclusion was
> 90%.
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Table I. Galactosykeramidase Levels (nmol h-' per mgProtein-'; Mean±SD) in Various Organs of Untreated Twitcher Mice,
Untreated C57BL-6J Control Mice, and Transplanted Twitcher Mice of Various Ages

Untreated mice Transplanted twitcher mice

C57BL-6J Twitcher

Age (d) ... 30-80 25-35 25 50 80 100
No. of mice ... 3 7 2 3 2 3

Bone marrow 4.8±0.4 0.13±0.04 4.7; 7.4 4.9±1.9 6.0; 7.1 7.0±0.7
Spleen 5.4±0.5 0.12±0.04 3.8; 5.0 5.7±1.4 2.5; 3.7 3.0±0.8
Liver 2.7±1.0* 0.08±0.02 1.03; 1.13 0.98±0.31 1.03; 1.24 0.79±0.06
Lung 3.5±0.4 0.04±0.01 0.49; 0.50 0.46±0.11 0.32; 0.47 0.42±0.08
Kidney 18.8±1.7 0.07±0.01 0.23; 0.27 0.23±0.13 0.18; 0.20 0.30±0.04
Heart 0.5±0.1 0.03±0.01 0.14; 0.19 0.10±0.01 0.11; 0.12 0.14±0.01
CNS 1.7±0.2* 0.06±0.01 0.07; 0.09 0.17±0.05 0.19; 0.40 0.26±0.01
PNS 3.5±0.7 0.10±0.08§ ND ND ND 0.57±0.15
Liver parenchymal cells 2.2±0.2 0.11±0.01§ ND ND 0.49; 0.39 ND

* n = 11, $ n = 7, § n =3, ND, not determined.

Enzyme assays. Animals were perfused with saline to remove con-
taminating blood before dissection of the organs. After dissection, the
organs were quickly frozen and stored at -80'C. A 10-20% homoge-
nate in water was prepared. After appropriate dilution with water,
homogenates were briefly sonicated. Protein was determined by the
method of Lowry (9). 3H-Labeled galactosylceramide 30,900 dpm/
nmol sp act) was prepared from nonhydroxy fatty acid cerebrosides
from brain tissue (Sigma Chemical Co., St. Louis, MO)as described by
Suzuki (10). The assay conditions were similar to those described by
Svennerholm et al. (1 1). Briefly, the incubation mixture (50 i1) con-
tained 12.5 nmol 3H-galactosylceramide, 300 ug Na-taurocholate, 15
,Mg oleic acid, 10 gl 0.25 MNa-acetate buffer (pH 4.2), and a maximum
of 40 Mgprotein. The incubation was performed at 370C for 2 h. Under
these conditions, the enzyme activity was linear with time and the
amount of protein except for PNS homogenates. Galactosylcerami-
dase activity in this tissue was determined after delipidation with 1 vol
of ice-cold N-butanol to ensure linearity with the amount of homoge-
nate added. Specific activities of galactosylceramidase in PNSare ex-
pressed relative to the amount of protein present in the homogenate
before delipidation. After incubation, the reaction mixture was ex-
tracted (12) and part of the upper phase counted in a liquid scintilla-
tion counter.

Ganglioside-beta-galactosidase and total N-acetyl-beta-D-glucosa-
minidase (hexosaminidase) were measured with standard fluorimetric
assays as described ( 13).

The specificity of the galactosylceramidase assay was further tested
as follows: brain and kidney homogenates of normal, transplanted
twitcher, and untreated twitcher mice were preincubated with and
without beta-D-galactopyranosyl-methyl-p-nitrophenyl-triazene, (a
generous gift of Dr. 0. P. van Diggelen, Department of Clinical Ge-
netics, Erasmus University, Rotterdam, The Netherlands). In the pres-
ence of a 5-mM citrate/phosphate buffer (pH 6.0), beta-D-galactopyr-
anosyl-methyl-p-nitrophenyl-triazene is a specific inhibitor of ganglio-
side-beta-galactosidase (14), and preincubation with 0.1 mMof this
compound led to virtually complete inhibition of ganglioside-beta-ga-
lactosidase activity. The residual activity was 4% in kidney and 1% in
brain tissue. Under these conditions, the galactosylceramidase activity
was unaffected, indicating that the small residual activities of galacto-
sylceramidase measured in twitcher mice were not due to ganglioside-
beta-galactosidase.

With the galactosylceramidase assay described above, affected mice
could be easily identified by the enzyme activity in clipped tails (7).
Affected mice had low galactosylceramidase activity (0.15±0.03;
mean±SD) as compared with heterozygous (1.79±0.15) and homozy-
gous normal mice (3.31±0.39 nmol/h-' per mgprotein-').

Enzyme activity was determined in bone marrow cells, spleen,
kidney, liver, lung, heart, plasma, PNS, and CNS. The sciatic nerves
were used to determine galactocylceramidase in the PNS.

Functional testing of gross motoric ability. Gross locomotor testing
was performed according to the method described by Altman and
Sudarshan (15). Briefly, the mice were placed with their heads down-
ward on a surface covered with a layer of cotton which was positioned
under variable angles of 30-80°. All the normal mice made a 1800
turn, even at angles of 800, and climbed the surface. The ability to do
this was tested in untreated and transplanted twitcher mice.

Statistical analysis. The t test was used for statistical analysis of the
enzyme levels. Differences observed were considered to be significant
at Pvalues < 0.01. The probability of survival was estimated according
to Kaplan and Meier (16), with censoring of the mice that were killed
to obtain organ specimens for analysis.

Results

Galactosylceramidase activities in transplanted mice and con-
trols. As shown in Table I, twitcher mice were severely lacking
galactosylceramidase in all organs tested. The enzyme activity
in plasma was below detection level.

After BMT, galactosylceramidase activity in the hemopoi-
etic organs (spleen and bone marrow) increased to levels that
were similar to those of untransplanted C57BL-6J mice of the
same age, which served as controls. In the liver, lungs, and
heart, the enzyme activity increased significantly to levels in-
termediate between those of untreated twitchers and controls.
In addition to whole liver, we determined galactosylceramide
activity in liver parenchymal cells of normal mice, untreated
twitcher mice, and twitcher mice that received BMT. The re-
sults showed a significant increase in the liver parenchymal
cells of transplanted twitcher mice as compared with those of
untreated twitcher mice (Table I).2

2. To evaluate the possible contribution of small amounts (< 5%) of
contaminating nonparenchymal cells to the galactosylceramidase ac-

tivity in liver parenchymal cell preparations we determined the specific
activity (6.2±3.1 nmol/h per mg protein) and protein content
(0.04±0.01 mg/106 cells) of nonparenchymal cells of control mice. The
protein content of parenchymal cells (2.4±1.0 mg/106 cells) was - 60
times higher. Therefore, a maximum of 5%contaminating nonparen-
chymal cells would contribute for 0.0054 nmol/h per mgprotein to the
specific activity found in the parenchymal cell fraction.
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In kidney tissue, a minor but statistically significant in-
crease in enzyme activity, from 0.3 to 1.6% of control levels,
was demonstrated.

Remarkably, a gradual rise in galactosylceramidase activity
occurred after BMTin the CNSof twitcher mice, to 15%of the
enzyme levels of unaffected controls.

The increase in galactosylceramidase activity in most
organs was already evident in 25-d-old mice. The enzyme
levels hardly increased any further during the lifespan of the
transplanted animals (Table I), except in the CNS, in which a
steady increase occurred between 25 and 100 d.

The specific activities of the control enzyme ganglioside-
beta-galactosidase in liver, kidney, and CNSof untreated
twitcher mice, transplanted twitcher mice, and untreated con-
trols were not statistically different (Table II). The trans-
planted and untreated twitcher mice had significantly higher
levels of total hexosaminidase, another control enzyme, than
did untreated C57BL-6J controls. Significant differences in
hexosaminidase activity between transplanted and untreated
twitcher mice were not observed (Table II).

Clinical syndrome. In homozygous twitcher mice that were
apparently normal at birth, growth delay was apparent when
the mice were - 3 wk old. Severe tremor, especially of the
head, occurred at - 4 wk. During the later stages of the dis-
ease, the hind legs became paralyzed and the mice died at
34±4 d of age (mean±SD); none of the mice survived longer
than 41 d. After BMT, the lifespan was prolonged (Fig. 1), with
a probability of survival at day 100 of 36%. Approximately
20%of the mice, both twitchers and controls, died within 20 d
after BMTdue to the transplant procedure per se, e.g., severe
hemorrhage. If these early deaths had been censored in the
Kaplan-Meier analysis, the probability of survival at day 100
would increase to 48%.

After BMT, the transplanted twitchers and the trans-
planted controls temporarily lost body weight as compared
with the untreated mice. The weight of the transplanted
twitcher mice increased to levels that were significantly higher
at day 100 than those of untreated twitchers (9.9±1.6 g vs.
8.1±0.8 g, P < 0.05), but remained much below those of nor-
mal mice (Fig. 2) and of transplanted controls (13.1±0.7 at day
70 after BMT).

The head tremor was still evident after BMT. All trans-
planted mice tested at day 100 (n = 3) were able to turn around

Table II. Levels (nmol/h-' per mgprotein-'; Mean±SD)
of Ganglioside-Beta Galactosidase and Hexosaminidase A and B
in Various Organs of Transplanted Twitcher Mice, Untreated
Twitcher Mice, and Untreated Normal Control Mice

Transplanted Untreated Untreated
twitcher mice twitcher mice normal controls

No. of mice ... 2 2 3

Kidney* 354±78 362±30 366±26
Liver* 159±1 142±28 152±3
CNS* 75±4 88±16 108±5
Kidney* 2295±13 1793±128 1487±124
Liver* 1964±21 1923±494 992±91
CNS* 3520±127 3810±738 1114±42

* Ganglioside-beta galactosidase.
$ Hexosaminidase A and B.
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Figure 1. Survival (Kaplan-Meier plots) of transplanted (-, n
= 33) and untreated (- - -, n = 30) twitcher mice.

and climb a 800 angle, in contrast to untreated, 35-d-old
twitcher mice that failed in these tests, already at an angle of
300 (n = 7).

Discussion

The results of our studies demonstrate that BMTin twitcher
mice results in increased galactosylceramidase activity in all
organs tested.

The observation that galactosylceramidase levels in spleen
and bone marrow increased after BMTto levels of normal
donor mice demonstrates that stable radiation chimeras were
obtained with our transplant procedure.

In lung tissue, enzyme activity increased to 14% of control
levels. In this tissue, the alveolar macrophages are replaced by
donor-derived cells after BMT(17). It cannot be concluded
from the present data whether such a replacement can account
completely for the increase of galactosylceramidase activity, or
whether transfer of enzyme to other cell types in the lungs has
also occurred.

24

20

16 L

12

8~~~

0
O f 2 4 6 8 10 12 114 16

BMT age (week)

Figure 2. Weight of transplanted twitcher mice (-), untreated
twitcher mice (- - -), and untreated controls (... ). 5-12 mice were
used for each data point.

1792 Bone Marrow Transplantation in Twitcher Mice

i



The galactosylceramidase activity in liver tissue increased
to 36% of the control levels. This increase compares well with
data from other studies in animal models (13, 18-20) and in
patients (2, 21). After BMT, Kupffer cells are replaced by
donor-derived macrophages (22), although it is not fully
known how fast this replacement occurs. Our studies have
shown that the increased enzyme activity in liver tissue of
transplanted twitcher mice is not due only to Kupffer cell
replacement, but also to uptake of galactosylceramidase by
liver parenchymal cells, as the galactosylceramidase activity in
isolated liver parenchymal cells increased after BMTfrom 5 to
16% of the activity found in donor mice. This increase could
not be explained by contamination with donor-derived cells.2
Wehave reported a similar transfer of enzyme in the beta-gluc-
uronidase-deficient mouse (23). These observations show that
certain lysosomal enzymes that originate from hemopoietic
cells can be taken up by another cell type.

Our studies demonstrate a significantly increased enzyme
activity in the heart and kidneys of transplanted twitcher mice,
although the activity in the kidney was still only 1-2% of con-
trol values. Normal kidney tissue had the highest specific ga-
lactosylceramidase activity of all organs tested. In kidneys of
untreated twitcher mice, accumulation of galactosylceramide
has been reported (24, 25). It is not known whether the four-
fold increase in galactosylceramidase in kidney tissue after
BMThas any effect on the levels of galactosylceramide in this
tissue. As the presence of tissue macrophages in kidneys is
questionable (26-28), the mechanism of this increase is not
known. With respect to the increased enzyme activity in heart
tissue, it is interesting to compare our data with the improved
cardiac function reported in a patient with Maroteaux-Lamy
syndrome (2).

The activities of the two control enzymes, hexosaminidase
and ganglioside-beta-galactosidase, did not increase in trans-
planted twitcher mice as compared with untreated twitcher
mice. This indicates that the increase in galactosylceramidase
levels after BMTis not due to nonspecific side effects of the
transplantation procedure. The hexosaminidase activity in
untreated as well as transplanted twitcher was significantly
higher than in untreated normal controls. This may be ex-
plained by the observation that the number and size of lyso-
somes often increase in lysosomal storage diseases, which re-
sults in higher activities of the unaffected enzymes (29).

The observed improvement of hind leg paralysis after BMT
indicates a beneficial effect of BMTon lesions in the PNS. This
correlates well with the increased galactosylceramidase activi-
ties in 100-d-old transplanted twitcher mice. Yeager et al. re-
ported histopathological (30) and electrophysiological (31) im-
provement of PNS lesions, but no improvement of the mor-
phological and functional deterioration of the CNS.

One of the major problems in the treatment of lysosomal
storage diseases by BMTis the inaccessibility of the CNSfor
cells and circulating enzyme. Circulating enzyme cannot enter
the brain tissue due to the blood-brain barrier, and circulating
cells only enter the brain after trauma and infection (32). It is
not known whether donor-derived cells enter brain tissue after
BMT. Bartlett's claims (33) that mice brain tissue contains
substantial numbers of hemopoietic stem cells have been dis-
proved by our group (34). In most bone marrow recipients
suffering from a type of lysosomal storage disease with severe
involvement of the CNS (e.g., Sanfilippo-A disease [35] and
Hunter's syndrome [36]), improvement of the neurological

symptoms has not been conclusively reported. Only in two
patients with metachromatic leukodystrophy, a possible bene-
ficial effect of BMTwas reported (37, 38). A longer follow-up
period perhaps is needed for final conclusions, as the natural
course of this disease is variable (39).

In this study, galactosylceramidase activity increased sig-
nificantly to 14-16% of controls in the CNSof 50- 100-d-old,
transplanted twitcher mice. In most animal model studies re-

ported, increased enzyme activities in the CNSwere not seen
after BMT(I13, 18). Only in a biopsy specimen of a mucopoly-
saccharidosis I dog (40) and in autopsy material of a fucosi-
dosis dog (20), have increased enzyme activities after BMT
been reported. In both studies, contamination with blood can-
not be completely ruled out.

Infiltration of globoid cells in the CNSoccurs in twitcher
mice. It has been suggested that these cells are derived from
blood monocytes (41). This indicates that infiltration of mac-

rophages might explain the increased enzyme activity in the
CNSof transplanted twitcher mice. It is interesting to compare
these data with those obtained in another mutant mouse, the
beta-glucuronidase-deficient C3H mouse (13). In this mouse

model, lesions in the CNS are not present, and, therefore,
infiltration of macrophages is less likely. In the beta-glucuroni-
dase-deficient mouse, an increase in enzyme activity in the
CNSwas not found after BMT. Despite the significantly in-
creased galactosylceramidase activity in the CNS of trans-
planted twitcher mice, the tremor is not alleviated after BMT,
which suggests that either the galactosylceramidase does not
enter the oligodendrocytes (the target cells in Krabbe's dis-
ease), or that the lesions are already irreversible at the time of
BMT. With respect to the latter possibility, it is important to
note that myelination in mice is most active between day 5 and
30 after birth (42), which is before the galactosylceramidase
levels in the CNS start to increase in transplanted twitcher
mice.
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