allow the protein to enter the export path-
way.
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Donor-Derived Cells in the Central Nervous System
of Twitcher Mice After Bone Marrow Transplantation

PETER M. HOOGERBRUGGE,* KINUKO Suzuki, KUNIHIKO SUZUKI,
Ben J. H. M. PoorTHUIS, TAKURO KOBAYASHI,
GERARD WAGEMAKER, DIRK W. VAN BEKKUM

The twitcher mouse is an animal model of galactosylceramidase deficiency, comparable
to Krabbe’s disease, a lysosomal storage disease in humans. As in most lysosomal
storage diseases, neurological deterioration is a prominent feature of the disease in
these mice. Transplantation of enzymatically normal congenic bone marrow was
earlier found to result in prolonged survival and increased levels of galactosylcerami-
dase in the visceral organs of twitcher mice. It is now reported that bone marrow
transplantation results in increased galactosylceramidase levels in the central nervous
system (CNS). Concomitantly, the levels of psychosine, a highly toxic lipid that
progressively accumulates in the CNS of untreated twitcher mice, stabilized at much
lower levels in the CNS of treated twitcher mice. Histologically, a gradual disappear-
ance of globoid cells, the histological hallmark of Krabbe’s disease, and the appearance
of foamy macrophages capable of metabolizing the storage product were seen in the
CNS. By immunohistochemical labeling it was demonstrated that these foamy
macrophages were of donor origin. The infiltration of enzymatically competent,
donor-derived macrophages was accompanied by extensive remyelination in the CNS.
It is concluded that after bone marrow transplantation, donor-derived macrophages
infiltrate the affected brain tissue and are capable of inducing a partial reversal of the

enzyme deficiency.

INCE THE FIRST BONE MARROW

transplantation (BMT) for lysosomal

storage disease by Hobbs et al. (1),
many studies on the effect of BMT in pa-
tients and animal models with lysosomal
storage diseases have been reported (2-7).
After BMT, the enzymatically normal do-
nor-derived blood cells and tissue macro-
phages served as a continuous source of
enzyme and led to increased enzyme levels in
leukocytes, plasma, and various visceral or-
gans (2-7). The effects of BMT on the
neurological symptoms, which are very
prominent in many lysosomal storage dis-
cases, vary with the type of disease. For
instance, in patients with metachromatic
leukodystrophy, BMT led to improved psy-
chomotor development in comparison with
siblings receiving no treatment (2, 8),
whereas in patients with Sanfilippo’s dis-
ease, BMT did not lead to beneficial effects
(9). Increased enzyme levels after BMT were

reported in the central nervous system
(CNS) of a dog suffering from fucosidosis,
but without alleviation of the neurological
symptoms (5). In B-glucuronidase—deficient
mice and in a feline model of arylsulfatase-B

P. M. Hoogerbrugge, Department of Pediatrics, Univer-
sity Hospital, Leiden, and Radiological Institute TNO,
Rijswijk, the Netherlands.

Ki. Suzuki, Department of Pathology, the Biological
Sciences Research Center, School of Medicine, Universi-
ty of North Carolina, Chapel Hill, NC 27599.

Ku. Suzuki, Departments of Neurology, Psychiatry and
the Biological Sciences Research Center, School of Medi-
cine, 9Umversity of North Carolina, Chapel Hill, NC
27599.

B.J. H. M. Poorthuis, Department of Pediatrics, Univer-
sity Hospital Leiden, the Netherlands.

T. Kobayashi, Department of Neurology, Neurological
Institute, Faculty of Medicine, Kyushu University, Fuku-
oka, Japan.

G. Wagemaker and D. W. van Bekkum, Radiobiological
Institute TNO, Rijswijk, and Department of RadioE}OI-
ogy, Erasmus University, Rotterdam, the Netherlands.

*To whom correspondence should be sent at Radiobio-
logical Institute TNO, P.O. Box 5815, 2280 HV Rijs-
wijk, the Netherlands.

REPORTS 103§



deficiency (Maroteaux-Lamy syndrome),
enzyme activity in the CNS did not increase
after BMT (6, 7). This has been explained
on the basis of the blood-brain barrier,
which prevents circulating enzyme from en-
tering brain tissue. The presence of donor-
derived cells, which contribute to the in-
creased enzyme activity in lung and liver
tissue, for example (10), has not been re-
ported in brain tissue so far.

The twitcher mouse, which was used in
our studies, is a neurologically affected mu-
tant with a genetically determined deficiency
of the lysosomal enzyme galactosylcerami-
dase (I11), a deficiency that results in a
disease pattern similar to human Krabbe’s
disease (globoid cell leukodystrophy) (12).
Briefly, the mice, which appear normal at
birth, develop a severe tremor and hind-leg
paralysis within 3 to 4 weeks after birth and
die at an age of approximately 5 weeks (12,
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Fig. 1. (A) Psychosine (picomoles per milligram
of protein) and (B) galactosylceramidase (nano-
moles per hour per milligram of protein) in the
CNS of (O) twitcher mice treated with BMT, (A)
untreated twitcher mice, and (0O) untreated
C57BL-6] control mice. Levels in mice receiving
congenic transplants and allogeneic transplants
did not differ significantly and were pooled. Ga-
lactosylceramidase activity was determined as de-
scribed (13). The activities in the CNS of 50-,
80-, and 100-day-old treated twitcher mice were
significantly (P < 0.01; Student’s £ test) increased
as compared to untreated twitcher mice. Levels in
the CNS of 50-day-old treated twitcher mice were
still significantly less (P < 0.01) than those of
100-day-old twitcher mice receiving transplants.
Galactosylceramidase activity in brains of 25-day-
old twitcher mice that received transplants were
not significantly different from those of untreated
twitcher mice. Psychosine levels were determined
by the method of Kobayashi (28). Values for
twitcher mice treated at ages 25, 50, and 100 days
were significantly lower (P < 0.01) than those for
untreated twitcher mice at ages 30 to 42 days.
Values of untreated C57BL-6J controls were
1.2 £ 0.6 pmol per milligram of protein (mean *
standard deviation).
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13). At autopsy, severe demyelination, dis-
appearance of oligodendrocytes, and infil-
tration of pathological globoid cells with
characteristic galactosylceramide inclusions
were found (12). Concomitant with the
appearance of neurological symptoms, there
was a progressive accumulation of psycho-
sine in the brains and peripheral nervous
systems of untreated twitcher mice (14). It
has been hypothesized that accumulation of
this toxic storage product leads to degenera-
tion of oligodendrocytes and myelin sheaths
(14).

We studied the effect of BMT in homozy-
gous twitcher mice and ‘enzymatically nor-
mal control littermates. Asymptomatic
twitcher mice were identified when they
were 4 to 5 days old by galactosylceramidase
levels in clipped tails (15), and BMT was
performed when they were 9 to 12 days old.
The twitcher mice had been mated to
C57BL-6] mice for approximately 12 gener-
ations. Mice, aged 8 to 10 weeks, of the
C57BL-6] strain [H-2K® allele of the major
histocompatibility complex (MHC)] were
used as bone marrow donor for the con-
genic transplantations, and mice of the
C3H-Rijj strain (H-2KX allele of the MHC
complex) were used as donors for the alloge-
neic transplantations. BMT was performed
1 day after lethal total body irradiation (9.0
Gy of *’Cs gamma rays). Bone marrow cells
(3 X 107 to 5 x 107) were injected intra-
peritoneally. Antibiotics or other supportive
care was not given. BMT resulted in pro-
longed survival and improvement of loco-
motor ability (13). Similar results were re-
ported earlier by Yeager et al. (16). Chimer-
ism in mice receiving congenic transplants
was confirmed by galactosylceramidase ac-
tivity in bone marrow and spleen tissue,
which rose to donor levels within 2 weeks
after BMT and remained at donor level
during the observation period of 100 days
(13). Differences in survival or in galactosyl-
ceramidase activity between mice receiving
allogeneic and those receiving cogenic trans-
plants were not pbserved. In the mice that
received allogeneic bone marrow, chimerism
was confirmed by the presence of the H-2K*
antigen on bone marrow cells, as deter-
mined by fluorescence-activated cell sorter
(FACS) analysis (17, 18). To study the effect
of BMT in the CNS, we killed the trans-
planted mice at various times after BMT and
perfused them with saline to remove con-
taminating blood. Galactosylceramidase ac-
tivity gradually increased in the CNS of
twitcher mice after BMT from 2% to ap-
proximately 16% of the activity found in the
CNS of untreated controls. Psychosine lev-
els stabilized at a level that was approximate-
ly 10% of the levels found in untreated
twitcher mice shortly before death (Fig. 1).

These data are comparable to those recently
reported by Ichioka ez al. (19).

On light microscopy, characteristic glo-
boid cells were abundantly present in brains
of untreated, 30- to 40-day-old twitcher
mice and in brains of 25-day-old twitcher
mice that received a bone marrow trans-
plant. In contrast, the macrophages in the
CNS of twitcher mice killed more than 40
days after BMT were heterogeneous. In 40-
to 80-day-old twitcher mice that received
BMT, globoid cells were still present, but in
addition a gradually increasing number of
foamy macrophages had appeared (Fig.
2A). In the CNS of twitcher mice that were
killed more than 100 days after BMT, glo-
boid cells were extremely rare. In contrast,
numerous foamy macrophages were present
in the brains of these mice. The foamy
macrophages were predominantly found in
the white matter of the cerebellum and
spinal cord and not in the cerebrum, the
region of the CNS that is relatively unaffect-
ed in twitcher mice. This localization of
foamy macrophages compares well with that
of the brain lesions and globoid cell infiltra-
tion in untreated twitcher mice (12), sug-
gesting that the infiltration of foamy macro-
phages occurred as a response to tissue
damage. Such macrophages are also regular-
ly observed in the brains of patients with
various demyelinating diseases (20). The
foamy macrophages contained neutral lipids
as demonstrated by oil red O staining (21).
Cells stained with oil red O were absent in
the brains of untreated twitcher mice, nor-
mal C57BL-6] control mice, and C57BL-6]
mice that received transplants. On electron
microscopy, the foamy macrophages did not
show inclusions characteristic for galactosyl-
ceramide, suggesting that they were capable
of metabolizing this substrate. However, the
oligodendrocytes and the Schwann cells in
the peripheral nerves still contained some
inclusions. The white matter in the cerebel-
lum and spinal cord of mice with transplants
contained many thinly myelinated axons
suggestive of ongoing remyelination (Fig.
2B), in contrast to that of untreated twitcher
mice and twitcher mice killed less than 50
days after BMT, which showed many myelin
residues indicative of severe demyelination
(22).

The absence of galactosylceramide inclu-
sions in the foamy macrophages indicated
galactosylceramidase activity in these cells
and suggested that they were derived from
the enzymatically competent bone marrow
graft. This was confirmed by immunohis-
tochemical analysis of frozen sections of
brain tissue from twitcher mice that were
killed 70 to 100 days after transplantation
with allogeneic C3H (H-2K*) bone marrow
(18). The H-2K*—positive cells of donor
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origin were found predominantly in the
white matter of the cerebellum (Fig. 3) but
were rarely observed in the white matter of
the cerebrum of treated twitcher mice. This
distribution pattern of H-2K*~positive cells
is similar to that of the foamy macrophages.

Simultaneous staining with monoclonal
antibody to H-2K* and oil red O identified
the oil red O—stained foamy macrophages as
H-2K*-positive and therefore donor-de-
rived cells. Control specimens of brains from

untreated twitcher mice and from twitcher
mice that received transplants from congenic
mice did not react with antibody to H-2K*.
These results provide definite immunohis-
tological evidence for the presence of donor-
derived cells in the CNS after bone marrow
transplantation. Although donor antigen
has been reported previously in material of
murine brains subjected to SDS-clectropho-
resis after transplantation, the location of
the donor antigen in brain tissuc was not

lant at age 9 days. A cluster of foamy
um) is smmcf with toluidine blue (%250). (B) Electromi

same animal, showing well-preserved
no evidence for active demyelination in

Flg 2. (A) White matter of the cerebellum of a 109-day—old twitcher mouse given allogeneic bone

macrophages is indicated with arrows. Section (1

of the anterior spinal column of the

endrocytes (O) and many thinly myelinated axons. There is
is twitcher mouse 100 days after BMT. Sections were double-

stained with uranyl acetate and lead citrate and examined with a Zeiss 10A electron microscope (22)

(% 14,400).
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described (23). Others have suggested that
the reactive macrophages that infiltrate
brain tissue after brain damage are of hema-
togenous origin, in contrast to nonreactive
microglial cells (24), but these studies were
not performed after allogeneic BMT, so firm
conclusions on the bone marrow origin of
these cells cannot be drawn.

Our data indicate that the infiltration of
donor-derived foamy macrophages explains
the increased lceramidase activity
in the CNS of twitcher mice that reccived
BMT. In 25-day-old treated twitcher mice,
infiltration of foamy macrophages was not
found, and no increase in galactosylcerami-
dase activity occurred. In contrast, increas-
ing numbers of donor-derived foamy mac-
rophages were evident in brains of 50-, 80-,
and 100-day-old twitcher mice that received
BMT. In the brains of these mice, galacto-
sylcecramidase activity also gradually in-
creased from 2% to between 14 and 16% of
donor levels. The increased enzyme activity
was accompanied by stabilization of psycho-
sine levels in the CNS of treated twitcher
mice at levels that were far below those
found in brains of untreated twitcher mice at
ages 30 to 40 days.

The alternative explanation for the in-
creased galactosylceramidase levels found in
brains of twitcher mice that received BMT is
entrance of circulating enzyme into brain
tissue. This however is less likely because the
level of circulating galactosylceramidase in
plasma of the twitcher mice given trans-
plants is very low (13), and generally lyso-
somal enzymes do not cross the blood-brain
barrier (25), which is intact in twitcher mice
(26).

Our result also showed that bone marrow
transplantation leads to improved myelina-
tion in the brain tissue of an animal with
lysosomal enzyme deficiency. Yeager ez al.
(16), using the same animal model, reported
prolonged survival and improvement of the
histological lesions in the peripheral nervous
system, but their studies done with light
microscopy did not reveal improvement in
the CNS.

So far, all therapeutic regimens for the
treatment of lysosomal storage diseases with
CNS manifestations, whether they involved
purified exogenous enzyme, organ trans-
plantation, or cellular transplantation, failed
to ameliorate the neurological problems as a
result of the inaccessibility of the CNS for
circulating cells or enzyme (25). Our data
demonstrate that infiltration of donor-de-
rived cells as a response to tissue damage in
the CNS can result in a decrease of the toxic
storage product and an improvement of
myelination in transplanted twitcher mice. It
is our opinion that a similar infiltration of
macrophages (27) can account for the bene-
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Fig. 3. H-2K*—positive cell in white matter of the cerebellum of a 108-day-old twitcher mouse given
allogencic bone marrow transplant at age 9 days. The H-2K*—positive cell is located in the same area as
the foamy macrophages indicated in Fig. 2A. Immunohistochemistry was performed as described (18).
Counterstaining was done with hematoxylin (x1000).

ficial effects in patients receiving bone mar-
row transplantation for the treatment of

metachromatic leukodystrophy (2).
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