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ABSTRACT

Globoid cell leukodystrophy is an autosomal recessive dis-
ease with progressive demyelination caused by a deficiency of
the lysosomal enzyme galactosylceramidase. Bone marrow trans-
plantation (BMT) is a therapeutic option for patients with late-
onset disease and for patients with early onset disease that had an
carly diagnosis owing to an affected sibling. This therapy, how-
ever, typically is not effective for early onset disease when the
diagnosis occurs after several months of life. In an effort to
enable a broader range of patients to benefit from BMT, we
tested whether combining substrate-reduction therapy with BMT
would result in a greater benefit than either treatment alone in the
twitcher mouse model of globoid cell leukodystrophy. Twitcher
mice treated with r-cycloserine, an inhibitor of 3-ketodyhy-
drosphingosine synthase, and transplanted with 50 = 5 X 10°
bone marrow cells on d 10 had a mean life-span of 112 d
compared with 51 d for BMT alone (p < 0.001) or L-cycloserine
alone, which was previously reported to be 56 d. L-Cycloserine

GCL is an autosomal recessive disease that is caused by a
mutation in the gene encoding the lysosomal enzyme galacto-
sylceramidase (1). This enzyme digests galactosylceramide, a
major glycolipid of central and peripheral myelin, and psycho-
sine, a secondary byproduct of UDP-galactosylceramide trans-
ferase, which also synthesizes galactosylceramide. The devel-
opment of pathology has been proposed to be caused by the
accumulation of psychosine (2), as it has been shown to be
toxic to a variety of cells (3—5) and its concentration increases
dramatically in this disease (6). Pathologically, GCL is char-
acterized by extensive demyelination throughout the white
matter of the CNS, astrocytosis, and the appearance of globoid
cells (7-9), which are multinucleated cells derived from the
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treatment also was initiated neonatally to determine whether it
would allow for a delayed BMT to have therapeutic value.
Twitcher mice given only BMT at 18 d or only a short course of
L-cycloserine died at 36 and 37 d, respectively. Twitcher mice
given a short course of L-cycloserine + BMT at 18 d lived to 58 d
(» = 0.0006). In conclusion, substrate-reduction therapy en-
hanced the value of BMT in twitcher mice, suggesting that this
combination strategy might benefit patients with globoid cell
leukodystrophy. (Pediatr Res 51: 40-47, 2002)

Abbreviations
BMT, bone marrow transplantation
GCL, globoid cell leukodystrophy
GFAP, glial fibrillary acidic protein
HBSS, Hanks’ balanced salt solution
MBP, myelin basic protein

monocyte-macrophage linage and are thought to contain undi-
gested psychosine and galactosylceramide.

Several forms of GCL have been identified in humans based
on the age of the symptoms: early infantile (3—6 mo), late
infantile (3 mo-3 y), juvenile (3—10 y), and adult forms (>10
y) of the disease (10, 11). The most common clinical features
of early onset disease are hypersensitivity to external stimuli,
ataxia, tremor, progressive mental and motor deterioration,
spasticity, blindness, deafness, and wasting leading to death. In
the late-onset disease, the initial presentation is relatively less
severe, which is combined with a slower disease course. BMT
is a promising therapeutic approach for the presymptomatic
child or late-onset patient (12—14). Both sets of patients may
have residual enzyme activity, which is thought to lead to a
slower disease course (11, 13, 15). Successfully engrafted
patients have an improved life expectancy, stabilization or
improvement in neurologic tests, and some evidence of remy-
elination (13, 16). Because the rate of entry of donor-derived
cells into the CNS occurs slowly over an extended period after
engraftment (17, 18), the balance between enzymatic replace-
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ment owing to engraftment and ongoing destruction owing to
disease is more favorable in the late-onset form (19). Treat-
ment of the infantile form of GCL still presents a significant
challenge because deterioration occurs rapidly, and in most
cases the diagnosis occurs at an advanced stage in the disease
course when current transplantation protocols cannot substan-
tially alter disease progression. Intervention strategies, which
slow the disease course, may allow transplantation to have
greater therapeutic value in the early infantile disease.

The twitcher mouse has a naturally occurring mutation in its
galactosylceramidase gene (20), and its clinical, biochemical,
and pathologic profiles resemble those present in human in-
fantile GCL (20-22). For example, twitcher mice appear nor-
mal at birth and develop tremor at 3 wk, which rapidly
progresses to severe resting tremor, weight loss, paralysis and
wasting of hind legs, weakness of facial muscles, and death
around 35-40 d (23).

The twitcher mouse has been used extensively for enzyme-
replacement therapy by BMT (18, 24-26). Two research
groups (24, 25) showed that transplantation of enzymatically
normal congenic bone marrow resulted in increased galacto-
sylceramidase levels in the CNS of the twitcher mouse. Fur-
thermore, globoid cells were gradually replaced by foamy
macrophages of donor origin, which were capable of metabo-
lizing the storage product (27). Also, extensive remyelination
was observed in the CNS. For BMT to have therapeutic value
in twitcher mice, it must be performed within 12 d after birth.
When BMT was performed on d 18, there was no beneficial
effect; in fact, the animals died earlier than without BMT (27).
Thus, twitcher mice and humans with infantile-onset disease
have a narrow window for initiating a successful treatment
using BMT.

An alternative therapeutic approach is to compensate for the
reduced level of galactosylceramidase by restricting the syn-
thesis of the substrates galactosylceramide and psychosine,
thereby alleviating the burden of degradation (28—-30). Sub-
strate-reduction therapy has been proposed to treat storage
diseases for many years (28, 29, 31), and there has been
success using the glycosphingolipid synthase inhibitor N-
butyldeoxynojirimycin to alleviate the clinical signs in animal
models of Tay-Sach and Sandhoff diseases (glucosphingolipid
lysosomal storage diseases) (32, 33) and in humans with
Gaucher disease (34). L-Cycloserine is an inhibitor of 3-ke-
todyhydrosphingosine synthase, which catalyzes an early step
in the biosynthetic pathway for the synthesis of psychosine and
cerebrosides including galactosylceramide (35). Subcutaneous
injections of L-cycloserine lowered the levels of sphingolipids
including ceramide and sphingomyelin in the brains of normal
mice (36, 37), and galactosylceramide levels were reduced in
myelin (38). When r-cycloserine was administered to twitcher
mice, it prolonged the life-span and slowed the progression of
clinical and pathologic signs (39). Substrate-reduction therapy
is anticipated to have therapeutic value in adult- and juvenile-
onset GCL, in which low to moderate levels of residual
enzyme activity still may be present. Thus, a reduction of
substrate synthesis would enable the residual degradation ca-
pacity of galactosylceramidase to keep up with the lowered
accumulation of substrates. In the infantile-onset variants, sub-

strate-reduction therapy might be able to slow the disease
progression and increase life expectancy, but it would not be
expected to totally arrest the disease process (33). The limiting
factor is the availability of sufficient residual enzyme activity
to catabolize the reduced substrate levels entering the lyso-
some. A complete shutdown of galactosylceramide synthesis is
not advisable as this can result in its own disease (40). Thus,
the goal of substrate-reduction therapy is to achieve a balance
of substrate reduction to a point where residual enzyme activity
can manage the substrate burden while not reducing the level
of substrate to the point where its deficiency compromises
normal physiologic processes. These considerations suggest
that a reduction in substrate synthesis may be useful as a
supplementary treatment to other therapies for restoring func-
tion such as BMT or gene therapy. In a recent study, the
combined approach of substrate-reduction therapy, using N-
butyldeoxynojirimycin, plus BMT resulted in an improved
disease course in mice with Sandhoff disease (41), which is a
neuronal storage disease caused by the failure to digest Gy,
ganglioside. An objective of the present study was to treat
twitcher mice, which fail to digest psychosine and galactosyl-
ceramide, with both BMT and r-cycloserine to see whether life
expectancy can be enhanced beyond that for either therapy
alone. A second objective was to evaluate whether initial
treatment with L-cycloserine can allow for a delayed BMT to
have therapeutic value in twitcher mice.

METHODS

Breeder mice heterozygous for the twitcher mutation
(C57BL/6J,twi/+) (Jackson Laboratories, Bar Harbor, ME,
U.S.A.) were maintained under standard housing conditions in
a pathogen-free environment with free access to food and
water. Animal handling protocols were in accordance with
institutional guidelines for animal care and use. This study was
approved by the Animal Care and Use Committee of the
University of Kansas Medical Center.

The genetic status for the twitcher mutation was determined
by PCR on DNA extracted from clipped tails of 5- to 6-d-old
pups according to the method of Sakai ef al. (20), except that
a touch down PCR protocol was used.

All chemicals were purchased from Sigma Chemical Com-
pany (St. Louis, MO, U.S.A.), except HBSS, which was pur-
chased from Mediatech (Herndon, VA, U.S.A.). Busulfan was
dissolved in a few drops of acetone and suspended in 1%
carboxymethylcellulose. L-Cycloserine was dissolved in sterile
PBS before each use. Polymyxin B and neomycin sulfate were
dissolved in distilled water.

Bone marrow transplantation. The transplantation proce-
dure was based on the study by Yeager ef al. (26), which has
been shown to result in successful engraftment (42). Briefly,
cohorts of twitcher mice and control littermates were injected
with busulfan, 40 mg/kg body weight i.p., at d 8 or 9 after birth,
followed by BMT 24 h later with C57BL/6 donor cells.
Wild-type C57BL/6 donor mice with normal galactosylcerami-
dase activity were killed by lethal halothane narcosis. The bone
marrow was flushed from the tibia and femora with a 22-gauge
needle into 15-20 mL of HBSS on ice. A single-cell suspen-
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sion of bone marrow cells was prepared by repetitive gentle
pipetting with a sterile Pasteur pipette. The procedure was
performed in a hood with stringent aseptic conditions. Aliquots
of bone marrow cells were diluted (1:100), and total numbers
of viable cells were counted on a hemocytometer by the trypan
blue exclusion method. Cells were then washed twice with
ice-cold HBSS with centrifugation at 400 rpm and finally
resuspended in HBSS.

Cells were kept on ice until injection, which was usually
within 30 min of collection. Each mouse was given a dose of
50 + 5 X 10° viable bone marrow cells by i.p. injection with
a tuberculin syringe and 29-gauge needle. For 6 wk after BMT,
mice were provided with prophylactic neomycin (final concen-
tration, 500 wg/mL) and polymyxin B (final concentration, 13
ng/mL) added to the drinking water. A few food pellets were
put on the bedding to facilitate feeding.

Substrate reduction and early BMT (postnatal d 9-10).
Four groups of twitcher mice were used for experiment 1, which
analyzed the effects of r-cycloserine on the clinical course of
twitcher mice given early BMT: group 1, no treatment; group 2,
PBS + BMT; group 3, L-cycloserine (from d 3—4) + BMT; and
group 4, r-cycloserine (from d 30) + BMT. The experimental
design and injection regimens are described in Table 1.

Substrate reduction and delayed BMT (d 18 or 25). Four
groups of twitcher mice were used for experiment 2, which
analyzed the effects of L-cycloserine on the clinical course of
twitcher mice given late BMT: group 1, only BMT at d 18,
group 2, only r-cycloserine; group 3, L-cycloserine + BMT at
d 18; and group 4, L-cycloserine + BMT at d 25. The exper-
imental design and injection regimens are described in Table 2.

Survival and body weight. Transplanted mice in each group
were observed on a daily basis for signs of infection or
transplantation-related complications. Body weight was re-
corded on the ninth or 10th postnatal day and thereafter every
10th day throughout their lives as an objective measure for
development and progression of the disease. When a mouse
reached a moribund condition, characterized by the animal’s

Table 1. Substrate reduction + early BMT in twitcher mice

Number

BMT of mice

1 — — — 7
2 vehicle (PBS), d 3 or 4—until moribund d 9 or 10 9
s.c., on
alternate
days
3 L-cycloserine,
s.c., on
alternate
days
50 mg/kg
35 mg/kg
25 mg/kg

Group Injection dose  Postnatal days of injection

d9orl0 6

d 3 or4-d29 or 30

d 31 or 32—d 49 or 50

d 51 or 52—until
moribund

4 L-cycloserine, d9orl0 8
s.C., on
alternate
days

35 mg/kg

25 mg kg

d 30-50
d 52—until moribund

Table 2. Substrate reduction + delayed BMT in twitcher mice

Number

Group Injection dose Postnatal days of injection BMT of mice

— d 18 9
d3or4—d29or30 — 6

1 no L-cycloserine

2 L-cycloserine 50
mg/kg, s.c.,
on alternate
days

3 L-cycloserine 50
mg/kg, s.c.,
on alternate
days

4 L-cycloserine 50
mg/kg, s.c.,
on alternate
days

d3or4—d290r30 d18 6

d3or4—d290r30 d2s 8

incapability of voluntary movement and severe wasting, it was
killed by halothane inhalation, and the hindbrain and cervical
spinal cord were immersion fixed in buffered formalin.

Neuropathology. Neuropathologic examinations were per-
formed on the hindbrain and cervical spinal cord from trans-
planted control mice, untransplanted twitcher mice, and
twitcher mice that were transplanted on d 9 or 10 and treated
with PBS or r-cycloserine. Paraffin sections (8 wm) were
processed for Griffonia simplicifolia lectin I, MBP, and GFAP
staining as previously described (42). G. simplicifolia lectin 1 has
been used to label globoid cells and infiltrating macrophages in
the CNS of twitcher mice (43), but it fails to stain resting
microglia. Large lectin-positive cells (>15 wm diameter) were
considered to be globoid cells and counted in the pons. MBP
immunohistochemistry was used to detect demyelination, and
GFAP staining was used to measure the extent of astrocytosis.

Statistics. The log rank test was used for comparison of
life-span between untransplanted and transplanted twitcher
mice and also among transplanted twitcher mice treated with
PBS and transplanted twitcher mice treated with early or late
L-cycloserine. This test was also used to compare life-span of
twitcher mice receiving only r-cycloserine or only delayed
BMT with twitcher mice receiving both r-cycloserine and a
delayed BMT at 18 or 25 d.

RESULTS
Survival after early BMT + PBS or r-cycloserine

Untreated twitcher mice had mean life-span of 37.0 = 0.5 d
(n = 7; Fig. 1). BMT performed within 10 d after birth
significantly increased the mean life-span to 50.7 = 1.6 d (p =
0.0001, n = 9). When BMT was performed either in combi-
nation with early L-cycloserine treatment (postnatal d 3—4 until
death), or in combination with late r-cycloserine treatment
(postnatal d 30 until death), the mean life-span was further
increased to 112.2 = 18.0 d (»p = 0.0005, n = 6) and 112.8 =
20.7 d (p = 0.0006, n = 8), respectively, compared with BMT
alone. An earlier study showed that twitcher mice treated with
only r-cycloserine had a mean life-span of 56.0 = 0.8 d (39).

Body weight after early BMT + PBS or L-cycloserine

The body weights of untreated twitcher mice, or transplanted
twitcher mice treated with PBS or r-cycloserine were similar at
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Figure 1. Survival of twitcher mice after BMT + PBS or L-cycloserine. The survival range and mean survival time of twitcher mice given no transplantation
(n=7), BMT + PBS (n = 9), BMT + r-cycloserine from postnatal d 3 (n = 6), or BMT + L-cycloserine from postnatal d 30 (n = 8) are shown. BMT was
performed on postnatal d 9 or 10. BMT + early L-cycloserine- or late L-cycloserine-treated twitcher mice had a significantly longer life-span compared with

twitcher mice given BMT + PBS (p = 0.0005 and p = 0.0006, respectively).

10 and 20 d of age (Fig. 2). Untreated twitcher mice lost weight
after 30 d of age until death, whereas the transplanted twitcher
mice typically gained weight beyond 30 d up until a few days
before reaching a moribund condition, when they started to
lose weight. Twitcher mice treated with BMT + early
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Figure 2. Body weights of twitcher mice after BMT + PBS or L-cycloserine.
Absolute body weights of untreated twitcher mice and twitcher mice given
BMT + PBS or L-cycloserine from postnatal d 3 or 30 are shown. Untreated
twitcher mice (n = 7) lost weight from d 30 until death, whereas most of the
transplanted mice treated with PBS (n = 9) had a moderate gain in weight
throughout their life-span until a few days before becoming moribund. The
early L-cycloserine-treated group (n = 6) had a greater rate of weight gain
compared with the late L-cycloserine-treated group (n = 8).

L-cycloserine had a higher body weight by 4 wk of age
compared with BMT alone. Twitcher mice with BMT + late
L-cycloserine treatment had body weights similar to mice given
BMT alone through d 50, and thereafter they gained weight.
On average, transplanted mice given early L-cycloserine treat-
ment had a greater body weight throughout their lives com-
pared with transplanted twitcher mice given late L-cycloserine
treatment, although the differences did not reach statistical
significance.

Neuropathology

Lectin staining. At 7 wk of age the number of G. simplici-
folia-positive globoid cells (=15 wm) in transplanted twitcher
mice given PBS was less than that for untransplanted twitcher
mice at 5 wk (Fig. 3, C versus B). In transplanted twitcher mice
treated either early or late with L-cycloserine, the number of
lectin-positive globoid cells in the hindbrain decreased pro-
gressively with age (Fig. 3, D—F). In the hindbrains of mice
that were >100 d of age, only four to five globoid cells per
section were observed together with lightly stained small lec-
tin-positive cells (Fig. 3E), whereas globoid cells were com-
pletely absent in the hindbrain of a 226-d-old transplanted
twitcher mouse (Fig. 3F).

GFAP staining. In control mice with or without BMT or
L-cycloserine there were only a few stained astrocytes with fine
processes (Fig. 44). Numerous GFAP-stained astrocytes with
swollen processes were observed in the hindbrain of untrans-
planted twitcher mice (Fig. 4B). Gliosis in the hindbrain was
less in 7-wk-old, transplanted twitcher mice given PBS (Fig.
4C) compared with 5-wk-old, untransplanted twitcher mice. At
90 and 168 d, gliosis in transplanted twitcher mice treated with
L-cycloserine was less than that in untransplanted twitcher
mice at 5 wk of age, although the number of labeled astrocytes
remained high (Fig. 4, D and E versus B). In one transplanted
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Figure 3. Lectin staining after BMT + PBS or r-cycloserine. Lectin staining
in the pons of transplanted control mice (4), untreated twitcher mice (B), and
transplanted twitcher mice with PBS (C) or L-cycloserine treatment (D—F) is
shown. Transplanted control mice had no lectin staining. Untransplanted
twitcher mice had numerous lectin-positive globoid cells (=15 um) at 5 wk of
age. After BMT + PBS at 7 wk of age in twitcher mice, the number of globoid
cells was less than that for untransplanted twitcher mice. Lectin-positive cells
decreased progressively with age (90, 126, and 226 d) in BMT + L-
cycloserine-treated twitcher mice (D, E, F, respectively). Bar = 20 um.

twitcher mouse treated with L-cycloserine that died at 226 d
(Fig. 4F), there was markedly less GFAP staining in the
hindbrain compared with similarly treated twitcher mice dying
at an earlier age.

MBP immunohistochemistry. The extent of demyelination
was similar at 7 wk of age in transplanted twitcher mice treated
with PBS compared with 5-wk-old untransplanted twitcher
mice (Fig. 5, C versus B). In transplanted twitcher mice treated
with r-cycloserine, demyelination was still readily apparent
(Fig. 5, D and E) despite a decrease in globoid cell number. A
very low level of MBP staining also was found in the cerebel-
lum of a 226-d-old twitcher mice (Fig. 5F) even though it had
a 6-fold increase in life-span compared with untransplanted
twitcher mice.

Survival after delayed BMT with or without L-cycloserine

Twitcher mice given BMT alone at d 18 had a mean
life-span of 35.8 = 1.2 d (n = 9; Fig. 6), which was similar to
the life-span of untransplanted mice (37.0 = 0.5 d, n = 7; Fig.
1). A short course of L-cycloserine from d 3 to 30 also had no
effect on the mean life-span of twitcher mice (37.6 = 1.6 d,
n = 6). However, a short course of L-cycloserine + BMT at d
18 significantly prolonged the life-span to 57.5 = 2.3 d (n = 6)
compared with BMT alone (p = 0.0004) or L-cycloserine alone
(»p = 0.0008). L-Cycloserine + BMT performed at d 25 in-
creased the mean life-span to 41.0 = 1.6 d (n = 8), which was
still significantly higher than BMT alone (p = 0.03).

Figure 4. GFAP staining after BMT + PBS or r-cycloserine. GFAP staining
in the pons of transplanted control mice (4), untransplanted twitcher mice (B),
and transplanted twitcher mice with PBS (C) or L-cycloserine treatment (D—F)
is shown. Transplanted control mice had a few lightly stained astrocytes in the
pons. Untransplanted twitcher mice had severe astrocytosis at 5 wk of age.
After BMT + PBS, at 7 wk of age in twitcher mice, the extent of gliosis was
less than that for untransplanted twitcher mice. Transplanted twitcher mice
with L-cycloserine at 90 and 168 d (D and E, respectively) had less gliosis than
untransplanted twitcher mice. Gliosis was least severe in a 226-d-old twitcher
mouse given BMT + r-cycloserine (F). Bar = 20 um.

DISCUSSION

Substrate-reduction therapy (39, 44) and enzyme replace-
ment via BMT (25, 42, 45, 46) have been used to successfully
extend the life-span of twitcher mice. However, these treat-
ments are limited in their ability to alter the disease course with
the majority of treated mice dying before 100 d. In the present
study, we explored the possibility that substrate-reduction ther-
apy could be used as a supplemental therapy together with
BMT to increase the life expectancy beyond that for either
treatment alone. The results from the present study indicate
that this combined approach had the desired effect by increas-
ing the survival beyond that for the individual treatments,
which is similar to the findings for substrate-reduction therapy
+ BMT for Sandhoff disease in mice (41). In twitcher mice,
this effect was observed if L-cycloserine was started on d 3—4
or on d 30 in combination with an early BMT. In an earlier
study that treated twitcher mice only with r-cycloserine, the
beneficial effects were observed when treatment was started at
postnatal d 4-5 but not for treatment started at postnatal d
21-22 (39). The explanation for this time constraint was that
the galactosylceramide that was scheduled to be recycled
already had been synthesized before the initiation of the late
administration of L-cycloserine as the turnover rate of myelin is
slow (47-49). Thus, in the present study, BMT slowed the
disease enough to permit a late regimen of L-cycloserine to
contribute to the beneficial effects of the combination therapy.
Thus, in patients with GCL in whom transplantation was
unable to halt the progression of disease, there is the possibility
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Figure 5. MBP staining after BMT + PBS or L-cycloserine. MBP staining in
the cerebellum of transplanted control mice (4), untransplanted twitcher mice
(B), and transplanted twitcher mice with PBS (C) or L-cycloserine treatment
(D-F) is shown. Transplanted control mice had normal levels of myelin (4).
Untransplanted twitcher mice had severe demyelination at 5 wk of age. After
BMT + PBS at 7 wk of age in twitcher mice, demyelination was similar to that
for untransplanted twitcher mice. Demyelination was severe regardless of the
advanced age (90, 126, and 226 d) of transplanted twitcher mice receiving
L-cycloserine (D, E, and F, respectively). Bar = 20 um.

that they may benefit from the addition of substrate-reduction
therapy protocols.

One mouse given this combination therapy lived to 226 d,
which is the longest surviving twitcher mouse from the pub-
lished literature. Pathologically, there was a very low level of
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MBP staining in the hindbrain and spinal cord, indicating
extensive demyelination. There also was a complete absence of
globoid cells and a low level of astrocytosis, which are in
contrast to observations of untransplanted twitcher mice or
twitcher mice given BMT + L-cycloserine that died at or
before 90 d. This result suggests that the globoid cells leave the
CNS and that the swelling of reactive astrocytes becomes
reduced in long-surviving animals (50). There was an interme-
diate level of globoid cells in animals that lived between 90 d
and this longest surviving mouse.

BMT has been used to successfully treat patients with
late-onset GCL and patients with early onset disease who had
an early diagnosis owing to an affected sibling (12, 51, 52).
This therapy has met with much less success for patients with
carly onset disease who had a diagnosis after several months of
life and then underwent transplantation. Twitcher mice, which
are thought to be a model of the early onset form of disease,
only respond to BMT when it is performed before d 12, which
is before the onset of twitching signs. Furthermore, trans-
planted twitcher mice die before untransplanted twitcher mice
if BMT is performed on d 18 (27). The second objective of this
study was to determine whether early r-cycloserine treatment
could slow the disease course to allow for a delayed BMT to
have a beneficial effect. When r-cycloserine was started from d
3—4, there was a significant increase in the life-span of twitcher
mice transplanted at either 18 or 25 d. The dose and duration
of L-cycloserine treatment was deliberately selected so that it
would not increase the life expectancy by itself. These results
suggest that substrate-reduction therapy in combination with
BMT may have value for some early onset patients who
normally would not respond to BMT alone.

The doses of L-cycloserine used in this study did result in a
slightly slower weight gain during the course of treatment for
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Figure 6. Survival of twitcher mice after delayed BMT + L-cycloserine. Survival range and mean life-span of twitcher mice with only L-cycloserine treatment
from postnatal d 3-30 (n = 6), only BMT at d 18 (n = 9), or L-cycloserine + BMT at postnatal d 18 or 25 (n = 6 and n = 8, respectively) are shown.
L-Cycloserine + delayed BMT (at d 18) significantly increased the life-span of twitcher mice compared with either BMT at d 18 (p = 0.0004) or L-cycloserine
alone (p = 0.0008). L-Cycloserine + BMT at d 25 also significantly increased the life-span compared with BMT alone (p = 0.03).
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littermate control mice (data not shown). Similar doses to the
ones used in this study, however, did not result in any abnormal
findings on routine pathologic examinations in control mice
(39). Because r-cycloserine inhibits the synthesis of sphin-
gosine, it is important to select a treatment regimen that does
not completely inhibit the production of sphingosine as it is a
key component of cells. Thus, mice did not tolerate doses of
L-cycloserine that were much higher than those used in the
present study (39).

In summary, substrate-reduction therapy may be a useful
strategy to enhance the therapeutic value of BMT and gene
therapy protocols for the treatment of GCL and other lysoso-
mal storage diseases.
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